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600 JAHRE UNIVERSITДT LEIPZIG (1409–2009)
UND DIE CHEMIE
von Lothar Beyer und Fritz Dietz
Seit mehr als 30 Jahren kooperieren Chemiker der Universität Sofia und der
Universität Leipzig miteinander auf dem Gebiet der Theoretischen Chemie. Prof.
Dr. Nikolai Tyutyulkov (Sofia), seit dem Jahr 2000 Doktor honoris causa der Alma
mater Lipsiensis, und Prof. Dr. Fritz Dietz (Leipzig) als wissenschaftliche Leiter
der Zusammenarbeit erzielten dabei mit ihren Gruppen Forschungsergebnisse, die
in den letzten 40 Jahren in etwa 100 Arbeiten in nationalen und internationalen
Zeitschriften publiziert wurden und international große Beachtung gefunden haben. Zahlreiche bulgarische Studierende und graduierte Wissenschaftler, insbesondere in den Fachrichtungen analytische, technische und theoretische Chemie,
waren Gäste an der Fakultät für Chemie und Mineralogie der Universität Leipzig.
Das Gründungsjubiläum der Universität Leipzig ist ein geeigneter Anlass, interessierte bulgarische Wissenschaftler und Praktiker über die Geschichte ihrer deutschen Partneruniversität unter besonderer Berücksichtigung der Entwicklung der
Chemie zu informieren.
Im Mai 1409 verließen Professoren und Studenten sächsischer, bayerischer, und polnischer „Nation“, wegen des sie im Stimmrecht benachteiligten
„Kuttenberger Edikts“, vom böhmischen König Wenzel IV. protestierend die
Karls-Universität Prag und zogen nach Leipzig. Papst Alexander V. erteilte die
Genehmigung zur Gründung der Universität Leipzig. Markgraf Friedrich von
Sachsen stellte Gebäude im Stadtzentrum zur Verfügung und am 2. Dezember 1409
erfolgte der feierliche Gründungsakt mit der Wahl von Johann von Münsterberg
zum ersten Rektor. Leipzig besitzt nach Heidelberg die Zweitälteste Universität
in Deutschland mit ununterbrochenem Lehrbetrieb. Gottfried Wilhelm Leibniz,
Georgius Agricola und Johann Wolfgang von Goethe studierten hier. Aus den ursprünglich vier Fakultäten, der Theologischen, Juristischen, Medizinischen und
9

„Artistenfakultät“, haben sich dann im Laufe der Jahrhunderte die zahlreichen
Wissenschaftsdisziplinen entwickelt, die heute an der Universität Leipzig mit 456
Professoren und 30.000 Studenten in 14 Fakultäten beheimatet sind. Eine von ihnen
ist die Fakultät für Chemie und Mineralogie, an der gegenwärtig 23 Professoren
lehren und jährlich etwa 180 Chemiestudenten immatrikuliert werden. Das Profil
der Universität Leipzig ist auf Geistes-, Sozial- und Naturwissenschaften sowie
Medizin orientiert. Die Technikwissenschaften sind an den drei anderen sächsischen Universitäten in Dresden. Chemnitz und Freibera etabliert.
Die universitäre Leipziger Chemie blickt auf eine mehr als 300 jährige Geschichte zurück. Sie entwickelte sich seit der Ernennung des ersten
Chemieprofessors Michael Heinrich Horn 1668 mehr als 150 Jahre lang im
Schoße der Medizinischen Fakultät als eine Hilfswissenschaft derselben, ehe
sie dann im Zuge einer grundlegenden Universitätsreform um 1830 mit dem
Ordinarius Otto Linne Erdmann in der Philosophischen Fakultät eigenständig
wurde. Er war Wegbereiter für die Blütezeit der Naturwissenschaften an der
Leipziger Universität, speziell der Chemie und Physik, in der zweiten Hälfte des
19. und dem ersten Drittel des 20. Jahrhunderts. Den Chemikern in aller Welt sind
die klangvollen Namen der Protagonisten der Chemie jener Zeit und ihre fundamentalen, an der Universität Leipzig erzielten, wissenschaftlichen Leistungen
bekannt: Es sind Hermann Kolbe (Salicylsäuresynthese nach Kolbe-Schmitt),
Ernst Beckmann (Beckmannsche Molekulargewichtsbestimmung, BeckmannUmlagerung, Beckmann-Thermometer), Johannes Wislicenus (cis-trans Isomerie),
Arthur Hantzsch (Hantzsch’sche Pyridinsynthese) und die Nobelpreisträger
Wilhelm Ostwald (Katalyse, Ostwaldsches Verdünnungsgesetz, Ostwald-BrauerVerfahren der Ammoniakoxidation) Svante Arrhenius (Arrhenius-Gleichung),
Walther Nernst (Nernstsche Gleichung) sowie Max Le Blanc (Elektrochemie),
Hans Stobbe (Stobbe-Kondensation), Hans Kautsky (Singulett-Sauerstoff,
Kautsky-Kurve) und andere. Im Physikalischen Institut wirkten die der Chemie
nahestehenden Nobelpreisträger Peter Debye, Werner Heisenberg und Gustav
Hertz, weiterhin Friedrich Hund, Heinrich Wiener und Gustav Fechner.
Hermann Kolbe hatte 1868 das „Chemische Laboratorium der Universität
Leipzig“, in der Liebigstraße als damals größtes und modernstes in Deutschland
erbauen lassen. Wilhelm Ostwald, Mitbegründer der Physikalischen Chemie und
Begründer der weltbekannten „Leipziger Schule der Physikalischen Chemie“,
zog 1898 in das neuerbaute Physikalischchemische Institut in der Linnestraße.
Im Inferno des Bombenhagels auf Leipzig gegen Ende des II. Weltkrieges am
4. Dezember 1943 versanken beide Gebäude nahezu vollständig in Schutt und
Asche. Im Juni 1945 wurden fast alle Chemie-Professoren von einer Siegermacht
in die westliche Besatzungszone Deutschlands evakuiert. Der Neuaufbau der
Chemischen Institute in Leipzig verlief deshalb unter extrem schwierigen
Bedingungen. Umso höher sind die Leistungen jener Jahre in Lehre und Forschung
10

auf den Gebieten der Seltenen Erden (Leopold Wolf), der Naturstoff- und organischen Synthesechemie (Wilhelm Treibs), der Photografischen Chemie (Herbert
Staude) sowie der Braunkohlenveredelung (Eberhard Leibnitz) zu bewerten. Im
Zuge einer Hochschulreform wurde 1968 die „Sektion Chemie“, in Nachfolge
der ehemaligen Chemischen Institute bzw. des Chemischen Laboratoriums als
Institution an der 1953 so genannten Karl-Marx-Universität Leipzig gebildet.
Nach der Wiedervereinigung Deutschlands 1990 im Ergebnis der friedlich verlaufenen revolutionären Ereignisse von 1989 mit der Schaffung demokratischer
Verhältnisse und für die Universitäten mit der Herstellung der Freiheit von Lehre
und Forschung wurde am 15. Januar 1994 unter dem Rektorat des Theoretischen
Chemikers Cornelius Weiss die o.g. Fakultät für Chemie und Mineralogie an
der Universität Leipzig gegründet. Zum ersten Dekan wurde der Theoretische
Chemiker Joachim Reinhold gewählt. In dieser Fakultät sind die Institute für
Analytische Chemie, Anorganische Chemie, Organische Chemie, Physikalische
und Theoretische Chemie, Technische Chemie, Mineralogie und Chemiedidaktik
vereint. Ein großzügiger, moderner Chemie-Neubau in der Johannisallee wurde
im Jahre 2000 in einem naturwissenschaftlich geprägten Universitätsareal neben
dem Technikum Analytikum, dem rekonstruierten Wilhelm-Ostwald-Institut für
Physikalische und Theoretische Chemie, der Physik und den Biowissenschaften in
unmittelbarer Nähe zu den medizinischen Instituten und zum Forschungskomplex
der „Biocity Leipzig“, einem Max-Planck-Institut für evolutionäre Anthropologie
und der Deutschen Nationalbibliothek eingeweiht. Damit sind beste Bedingungen
für eine interdiszplinär angelegte universitäre Lehre und Forschung, besonders
in den „Life sciences“, und auf dem Gebiet der „Nanowissenschaften“, (multifunktionale Materialien, Nanoobjekte, Bausteine für die molekulare Elektronik)
geschaffen. Ein großzügiger Neubau für die Hauptgebäude der Universität im
Zentrum der Großstadt Leipzig, das neue „Paulinum“, wird im Jubiläumsjahr fertig gestellt. Eine Jubiläumsausstellung „Erleuchtung der Welt“, zeigt bis Dezember
2009 in beeindruckender Weise die gewichtigen Beiträge der Universität Leipzig
zur Entwicklung der modernen Wissenschaften im Zeitraum von Humanismus und
Aufklärung im 17./18. Jahrhundert. Leipzig mit seiner altehrwürdigen, modernen
Universität und seinem besonderen Flair als Musik-, Buch- und Messestadt ist
attraktiv für Studenten und Wissenschaftler aus Bulgarien und aus aller Welt.
10.10.09
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LITERARY HERITAGE
BIBLIOGRAPHY OF PROFESSOR DSc. MICHAIL G. ARNAUDOV
Dedicated to the 70th anniversary of Prof. Michail G. Arnaudov
Prof. Michail Georgiev Arnaudov was born
on 17.04.1939 in Sofia. In 1963 he has graduated
as diploma engineer at the University of Chemical Technology and Metallurgy (former Institute
of Chemical Technology) in Sofia. In 1966 he was
enrolled as a Research Fellow at the Faculty of
Chemistry, University of Sofia “St. Kl. Ohridski”.
During the years 1966–1986 he was promoted to
scientific positions of Research Fellow 3rd degree
(1966–1969), 2nd degree (1969–1974) and 1st degree (1974–1986) in the Laboratory of Molecular Spectral Analysis, Department of Analytical
Chemistry, Faculty of Chemistry. He has founded this Laboratory as early as 1965
and headed it until his retirement in 2007. In 1986 he was habilitated as Associate
Professor of organic chemistry, position held until 2002. In 2002 Dr. Arnaudov became Full Professor in analytical chemistry. He has defended a thesis for a Ph.D.
degree in 1983 and a second thesis for Doctor of Sciences (D.Sc) in 2000.
Prof. M. Arnaudov has lectured in the following courses at the University
of Sofia: “Applied molecular spectroscopy” (1977–2001), “Physical methods in
organic chemistry” (1984–2001), “Molecular spectral analysis” (1993–2001),
“Instrumental methods of analysis” (from 2001), “Modern methods of molecular
spectroscopy” (since 2001), “Infrared and raman spectroscopy” (since 2001), and
(co-lecturer) on “Liquid crystals – background and applications”. At the Faculty
of Biology he has lectured in the course “Physical methods in biology and chem13

istry” (1987–1999). His has also lectured in 26 courses for postgraduate students:
“Physical methods in chemical research” and “Infrared spectral analysis”. Professor Arnaudov has supervised 30 individual post graduates in courses on “Infrared
spectral analysis”, 23 M.Sc. students and 4 Ph.D. students.
Professor Arnaudov has also lectured in several other universities in Bulgaria:
“Molecular spectroscopy” (1977–1981) at the University of Chemical Technology
and Metallurgy (Burgas); “Physical methods in organic chemistry” (1977–1980)
at the University of Shumen “St. Konstantin Preslavski”; and “Physical methods
in organic chemistry” (1989–2000) and “Organic analysis” (1996–2000) at the
South-West University “Neofit Rilski” (Blagoevgrad).
Research accomplishments of Prof. M. G. Arnaudov cover the scientific area
of molecular (mainly infrared) spectral analysis. He has been author and co-author
of over 87 scientific research papers and co-author of 3 authors’ certificates (BG
patents). Parts of his scientific results have been presented at 23 national and international conferences. His papers have been citied over 630 times in the scientific
literature. Professor Arnaudov has been author and co-author of two books and a
textbook section as listed below.
During his scientific career Professor Arnaudov has collaborated successfully
with numerous scientists from the Faculty, this country and abroad: Prof. Yanko
Dimitriev (University of Chemical Technology and Metallurgy, Sofia), Prof. Bojidar
Yordanov (Institute of Organic Chemistry, Bulgarian Academy of Sciences), Academician Panayot R. Bontchev, Prof. Alexander Dobrev and Assist. Prof. Bojidarka
Ivanova (Faculty of Chemistry, University of Sofia “St. Kl. Ohridski”), Academician Ivan Gutzov (Institute of Physical Chemistry, Bulgarian Academy of Sciences)
as well as with Prof. William Sheldrick (Ruhr-University Bochum, Germany).
Professor Arnaudov has been Vice Dean of the Faculty of Chemistry (1988–
1991) and Head of the School on Analysis of Inorganic and Organic Substances”,
organized by the Ministry of Chemical Industry and Sofia University (1980–1987).
He has been member of several committees and scientific councils: the National
Committee of Spectroscopy – Section of Molecular Spectroscopy (1981–1989);
Member of the Faculty Council and Scientific Council of the Faculty of Chemistry, University of Sofia (since 1987–2007); Member of the Specialized Council
Inorganic and Analytical Chemistry (since 1993).
Complete bibliography of Professor M. G. Arnaudov has been compiled and
given in chronological order below in this issue. Publications are given in their
original language of publication and translated in English.
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LITERARY HERITAGE
BIBLIOGRAPHY OF PROFESSOR DSc. EMIL D. MANEV
Dedicated to the 70th anniversary of Prof. Emil D. Manev
Prof. Emil Deyanov Manev was born on 12th June 1939 in Sofia. In 1961 he has
graduated as diploma Chemist at Sofia University “St. Kliment Ohridski” (in Sofia).
In 1962 he was enrolled as an Assistant Professor at the Faculty of Chemistry of Sofia University. During the years 1966–1977 he was promoted to scientific positions
of Senior Assistant Professor (1966–1972), Chief Assistant Professor (1972–1977)
in the Department of Physical Chemistry. In 1986 he was habilitated as Associate
Professor of Physical chemistry, position held until 2002. In 2002 Dr. Emil Manev
became Full Professor in physical chemistry. He has defended a thesis for a Ph.D.
degree in 1973 and a second thesis for Doctor of Sciences (D.Sc.) in 2001.
Prof. E. Manev has lectured on varied courses at the University of Sofia.
To undergraduates in the Faculty of Chemistry:
“Physical Chemistry” and “Colloid Chemistry” to students in Chemistry
(1974–2007);
“Physical and “Colloid Chemistry” to the students in Chemistry and Physics
(1984–2007);
Physical and “Colloid Chemistry” to the students in Chemistry and Informatics (2004–2007);
Special Course on “Physical Chemistry of Liquid Surfaces” (1984–2007).
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To MSc students in the Faculty of Chemistry:
“Physic-chemical Problems of the Environmental Chemistry” (2002- till
present);
“Surfactants” (2004- 2009);
“Foams, Foamers and Antifoamers” (2004- 2009).
Prof. E. Manev has supervised 23 M.Sc. students, 5 individual postgraduate
students, and 2 PhD students.
At the Faculty of Biology he has lectured on Physical and “Colloid Chemistry” in 2001-2003.
Prof. E. Manev has also lectured in other universities in Bulgaria. Since 1995
in the Faculty of Natural Sciences of the Shumen University “Ep. Konstantin
Preslavski”:
Courses on “Physical Chemistry” and “Colloid Chemistry” to the students on
Chemistry.
Also: “Physical and Colloid Chemistry” to the students on “Chemistry and
Biology” and “Chemistry and Ecology”.
The Research accomplishments of prof. E. Manev cover the scientific area of
Physical Chemistry of Surfaces and Disperse Systems.
With the guidance of Alexei Scheludko, Emil Manev employed the so-called
dynamic method to determining the van-der-Waals component of the disjoining
pressure in thin foam films of aniline, benzene and chlorobenzene [3, 4, 6]. Together with I.B.Ivanov, B. Radoev and C. Vassilieff developed and tested the theory about the role of the surfactants in the regime of foam and emulsion film thinning (the Marangoni effect) [5, 13, 29-34]. He proved experimentally the theory
of Scheludko-Frij about the critical thickness of liquid film rupture [9, 11, 25, 50,
84, 100, 113]. E. Manev established the qualitatively different (from the Reynolds
equation) regime of thinning of the larger foam and emulsion films [44, 47, 48,
52, 95, 107] and (together with R. Tsekov and B. Radoev) offered a quantitative
explanation of the divergence, based on the inherent film thickness inhomogeneity
[80]. In the studies of equilibrium foam films stabilized with nonionic surfactants
E. Manev has established the correlation of the level of repulsive (positive) disjoining pressure with the surfactant adsorption, and the concentration of “black
spots” formation in particular [60, 63-68].
Up to now Emil Manev has been author and co-author of more than 110 scientific publications. His scientific results have been presented at 23 international
conferences. His papers have been citied over 800 times in the international scientific literature.
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During his scientific career prof. E. Manev has successfully collaborated with
many scientists in Bulgaria and abroad. He has worked and specialized in a number of prestigious academic world centers:
• Great Britain (1968-69): Cambridge University (with prof. D. A. Haydon,
FRS) and Imperial College-London (with Dr. J. A. Kitchener);
• France (1976): Universitė Renė Descartes & Universitė Paris-Sud (with
prof. L. Ter-Minassian-Saraga;
• USA (1978-1981): Columbia University, New York (with prof. P. Somasundaran) and Illinois Institute of Technology, Chicago (with prof. D. Wasan);
• Germany (2000): Mining Academy-Freiberg (with Dr. H. J. Schulze);
• USA (2000-2001): University of California- Berkeley (with prof. C. Radke);
• The Netherlands (1989): Agricultural University, Wageningen with prof. J.
Liklema);
• Sweden (1989-1992): Institute for Surface Chemistry, YKI-Stockholm (with
prof. R. Pugh and prof. P. Claesson);
• Australia (2002, 2004, 2006): The University of Newcastle (with prof. A.
V. Nguyen).
Prof. E. Manev has been Member of the Faculty Council and Scientific Council of the Faculty of Chemistry, University of Sofia (1984-1989; 1996-2007);
Member of the Council on Education of the Faculty of Chemistry (1995-2003);
Member of the Attestation Commission of the Faculty of Chemistry (19841989; 2004-2007).
Complete bibliography of Professor E. D. Manev has been compiled and
given in chronological order below in this issue.
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Platikanov, D., E. Manev. Study of Thin Liquid Films in another Liquid - a Model of Emulsions. Proc. 4th Intl. Cong. Surf. Active Subst. CID, Brussels, Gordon & Breach, London, 2,
1189 (1964).
Scheludko, A., D. Platikanov, E. Manev. Study of Disjoining Pressure in Thin Liquid Films.
Ann. Univ. Sofia, Fac. Chim., 59, 1 (1964/65).
Scheludko, A., D. Platikanov, E. Manev. Disjoining Pressure in Thin Liquid Films and the
Electromagnetic Retardation Effect on the Molecular Dispersion Interactions. Faraday Soc.
Discuss., 40, 253 (1965).
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Univ. Sofia, Fac. Chim, 60, 59 (1965/66).
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557 (1966).
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Commun. Chem. Sci., Bulg. Acad. Sci., 1 (2), 81, (1968).
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Faraday Soc. Discuss. 1, 46 (1970).
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Thin Foam and Emulsion Films. Proc. Intl. Conference Surface Active Subst. IUPAC, Budapest 1, 583 (1975).
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BIBLIOGRAPHY OF PROFESSOR DSc IVAN PANAYOTOV
Dedicated to the 70 th anniversary of Prof. Ivan Panayotov
Prof. Ivan Panayotov was born on 21 February
1940 in V. Tarnovo (Bulgaria). In 1964 he has graduated MSc in Chemistry at Sofia University “St. Kliment Ohridski”. He was enrolled as Assistant Professor (1964) and was habilitated as Associate Professor
(1979) and Full Professor (1989) of Physical chemistry in the Department of Physical Chemistry at the
Faculty of Chemistry of Sofia University. Prof. Panayotov is the founder and head of the Laboratory of
Biophysical Chemistry. He has Vice-Dean of the center of Biotechnology (1987−1990) and Dean of the
Faculty of Chemistry (1999−2003), Member of the
Council of the Faculty of Chemistry (1979−2010).
Member of the Academic Council of the University of Sofia (1999−2003), Member
of the Council of the Institute of Biophysics (1982−2010), Member of the State
Commission of Physical Chemistry (1987−2010), Member of the State Commission of Biophysics, Biochemistry and Molecular Biology (2006−2010). In 2004
Prof. Panayotov was appointed as President of the Bulgarian National Evaluation
and Accreditation Agency (NEAA) with a six years term of office.
Prof. Panayotov is author and co-author of more than 135 scientific publications in the field of Physical Chemistry of interfaces and disperse systems and
Biophysical Chemistry (dynamic phenomena at fluid interfaces; surface archeology; interfacial organization of photochemical and enzymatic reactions; micro−
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and nanocapsules etc …) published in collaboration with leading bulgarian and
international laboratories and cited more than 900 times.
Prof. Panayotov is also author of more than 15 publications devoted to the
problems of the quality assurance of Higher education.
Prof. Panayotov spent many years as invited professor in french universities in Paris, Marseilles and Angers. He is member of the Chemical Society of
France (1975), expert in the nomination procedures for Nobel Prize in Chemistry
(2000−2003) member of the Steering Committee of the Central and Eastern European Network of the agencies for quality assurance CEEN (2006−2010), member
of the Editorial board of QA Review ARACIS, Bucharest etc … omplete bibliography of Prof. Ivan Panayotov has been compiled and given in chronological
order below in this issue.
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Bulgaria Ltd, Sofia (2008) 43.
10. Panayotov, I. Evaluation of Master and Doctoral Programmes (in Bulg.), National Forum of
Science, 27-29 April 2009, ed. by Union of Scientists in Bulgaria, Sofia, 2009, 186.
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ГОДИШНИК НА СОФИЙСКИЯ УНИВЕРСИТЕТ „СВ. КЛИМЕНТ ОХРИДСКИ“
ХИМИЧЕСКИ ФАКУЛТЕТ
Том 102/103, 2011
ANNUAIRE DE L’UNIVERSITÉ DE SOFIA “ST. KLIMENT OHRIDSKI”
FACULTE DE CHIMIE
Tome 102/103, 2011
_______________________________

LITERARY HERITAGE
BIBLIOGRAPHY OF PROFESSOR DSc. STOYAN ALEXANDROV
Dedicated to the 70th anniversary of Prof. Stoyan ALEXANDROV Nedeltchev
Stoyan ALEXANDROV Nedeltchev was born on 11 September 1940 in Strazha, Targovishte District. He is a graduate of the Faculty
of Chemistry, “St. Kliment Ohridski” University of Sofia
(1966). In 1973 he has defended a Ph.D. thesis in the field
of radiochemistry entitled “Study of the Separation of the
Noble Metals Using Some Sulphides by the Radioactive
Indicator Method” as a post graduate student at the Department of Chemistry, University of Moscow, Russia. Dr. Alexandrov defended a D.Sc. thesis in the field of Analytical
Chemistry on “Separation and Preconcentration by Using
of Some Low Soluble Inorganic Sulphides, Chlorides and
Oxides and Development of Combined and Hydrid Methods for Anaysis” in 1989
in Sofia. He has been lecturing and specializing in the field of analytical chemistry
and radiochemistry in Laboratoire Pierre Sue, C.E.N. Saclay, France (6 months in
1970), Faculty of Chemistry, Moscow State University, Russia (4 months in 1971)
and University of Batna, Algerie (1978–1981).
Mr. Stoyan Alexandrov has been Assistant Professor of Analytical Chemistry
(1966–1980), Associate Professor (1980–1990) and Full Professor of Analytical
Chemistry (from 1990 until his retirement in 2008). He has served as a Head of
the Chair of Analytical Chemistry (1982–1991) and Deputy Dean of the Faculty
of Chemistry. During the period 1986–1990 Prof. Alexandrov has been member
of the Specialized Scientific Council on Inorganic and Analytical Chemistry.
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Scientific research of Professor Alexandrov has been mailly in the field of
analytical chemistry and partly in radiochemistry and radioanalytical chemistry:
separation and enrichment methods by precipitation, co-precipitation, sorption
and extraction, followed by quantitative determination by atomic spectroscopic
methods such as arc source atomic emission spectrography, inductively coupled
plasma atomic emission spectrometry, atomic absorption spectrometry and neutron activation analysis. Professor Alexandrov has published 91 journal and conference papers in Bulgarian, English, Russian and German, including 5 author
certificates (BG Patents) and 13 textbooks and student laboratory guides (4 of
them with co-authors). He has participated in 10 projects in various fields, mainly
on analyses of high-purity materials.
Professor Alexandrov has lectured in Analytical Chemistry: a short course for
all students from the Faculty of Biology; Analytical Chemistry Part II (Qualitative
Analysis and Instrumental Methods for Quantitative Analysis); Separation and
Preconcentration. He has supervised 4 Ph.D. students. During his professional
career Professor Alexandrov has cooperated with scientists from the Universities
of Thessaloniki, Habana, Moscow and Brno.
Complete bibliography of Professor Stoyan Alexandrov, including 2 theses,
13 books and textbooks and 91 papers has been compiled and given in chronological order below in this issue. Publications are given in their original language of
publication and translated in English.
Theses
1. Александров Неделчев, С. Изучение разделения благородных металлов с помощью
сульфидов методом радиоактивных индикаторов. Химический факультет, Московский
государственный университет, Москва 1973, 160 с.; Alexandrov Nedeltchev, S. Study of
the Separation of the Noble Metals Using Some Sulphides bу Radiotracer Method, Department
of Chemistry, Moscow State University, USSR, Moscow 1973, pp. 160 (in Russian).
2. Александров Неделчев, Стоян. Разделяне и концентриране с изпoлзване на някoи малко
разтворими неорганични сулфиди, хлориди и оксиди при създаване на комбинирани и
хибридни методи за анализ. Доктор на химическите науки, ИOНХ-БАН, София 1989,
271 с.; Alexandrov Nedelchev, S. Separation and Preconcentration bу Using of Some Low
Soluble Inorganic Sulphides, Chlorides and Oxides at Development of Combined and Hybrid
Methods for Analysis. D. Sc. Dissertation, Institute of General and Inorganic Chemistry, Bulgarian Academy of Sciences, Sofia 1989, pp. 271 (in Bulg.).
Textbooks
3. Александров, Ст. Лекционен курс по методи за разделяне и концентриране при анализ на
неорганични вещества (учебник за студентите от специалността “Химия” и курсистите
от курсовете по следдипломна специализация и квалификация при Катедрата по
аналитична химия), СУ “Св. Кл. Охридски”, С., 1977, 252 с.; Alexandrov, St. Lecture
Course on Methods for Separation and Preconcentration in Analysis of Inorganic Substances
(Textbook for Students on Chemistry and Post-Graduate Studies at the Department of Analytical Chemistrey), St. Kl. Ohridski University of Sofia, Sofia, 1977, pp. 252 (in Bulg.).
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4. Христова, Р., Д. Цалев, Б. Желязкова, В. Михайлова, Ст. Александров. Ръководство по
количествен анализ, Наука и изкуство, С., 1979, 318 с.; Христова, Р., Ст. Александров,
Д. Цалев, Б. Желязкова, В. Михайлова. Ръководство по количествен анализ, Второ
преработено издание, Наука и изкуство, С., 1986, 274 с.; Христова, Р., Ст. Александров,
Д. Цалев, Б. Желязкова, В. Михайлова. Ръководство по количествен анализ, Трето
издание, Унив. изд. “Св. Кл. Охридски”, София, 1991, 255 с.; Христова, Р., Ст.
Александров, Д. Цалев, Б. Желязкова, В. Михайлова. Ръководство по количествен
анализ, Четвърто издание, 2000, 266 с. ISBN 954-07-0799-4; Христова, Р., Ст.
Александров, Д. Цалев, Б. Желязкова, В. Михайлова. Ръководство по количествен
анализ. Пето издание, Унив. изд. “Св. Кл. Охридски”, С., 2003, 266 с. ISBN 954-07-07995; Christova, R., S. Alexandrov, D. Tsalev, B. Jeljazkova, V. Mihajlova. Practice of Quantitative Analysis. 4th Edition. St. Kl. Ohridski University Press, Sofia, 2000, pp. 266. ISBN 95407-0799-4 (in Bulg.); Christova, R., S. Alexandrov, D. Tsalev, B. Jeljazkova, V. Mihajlova.
Practice in Quantitative Analysis. 5th Edition, St. Kl. Ohridski University Press, Sofia, 2003,
pp. 266. ISBN 954-07-1829-5 (in Bulg.).
5. Александров, Ст. Аналитична химия (учебник и ръководство за студентите от Биологическия
факултет на СУ “Св. Кл. Охридски”, Софийски университет “Св. Кл. Охридски”, С.,
1984, 313 с.; Александров, Ст. “Аналитична химия”, Второ издание, Унив. изд. “Св. Кл.
Охридски”, С., 1991, 244 с. (in Bulg.).
6. Александров, Ст. Аналитична химия, Унив. изд. “Св. Кл. Охридски”, С., 1993, 159 с.; Alexandrov, St. Analytical Chemistry, St. Kl. Ohridski University Press, Sofia, 1993, pp. 159
(in Bulg.).
7. Александров, Ст. Ръководство по аналитична химия, Унив. изд. “Св. Кл. Охридски”, С.,
1993, 159 с.; Alexandrov, St. Practice in Analytical Chemistry, St. Kl. Ohridski University
Press, Sofia, 1993, pp. 159, ISBN 954-07-0066-3 (in Bulg.).
8. Александров, Ст. Методи за разтваряне, разделяне и концентриране в аналитичната
химия, С., Народна култура, 1995, 240 с., ISBN 954-04-0103-8; Alexandrov, St. Methods
for Dissolution, Separation and Preconcentration in Analytical Chemistry, Sofia, Narodna
Kultura, 1995, pp. 240 с., ISBN 954-04-0103-8 (in Bulg.).
9. Александров, С. Сборник от решени задачи по аналитична химия, Печатна база на СУ “Св.
Кл. Oхридски”, С., 1982; Александров, Ст. Сборник от решени задачи по аналитична
химия, С., Унив. изд. Св. Кл. Охридски, 1996, 395 с. ISBN 054-07-0788-9; Alexandrov, S.
Solved Problems in Analytical Chemistry, St. Kl. Ohridski University Press, Sofia, 1982 (in
Bulg.); Alexandrov, S. Solved Problems in Analytical Chemistry, St. Kl. Ohridski University
Press, Sofia, 1996, pp. 395, ISBN 054-07-0788-9 (in Bulg.).
10. Александров, Ст. Аналитична химия, Унив. изд. “Св. Кл. Охридски”, София, 1998, 255
с. ISBN 954-07-1059-6; Alexandrov, St. Analytical Chemistry, St. Kl. Ohridski University
Press, Sofia, 1998, pp. 255 (in Bulg.).
11. Александров, Ст. Аналитична химия с инструментални методи за анализ. (Програма
екология и опазване на околната среда), Нов български университет. Център по
дистанционно обучение, С., 2001, 200 с., ISBN 954-535-224-8; Alexandrov, S. Analitical
Chemistry and Instrumental Methods of Analysis. New Bulgarian University, Center for elearning. Sofia, 2001, pp. 200. ISBN 954-535-224-8 (in Bulg.).
12. Александров, С. Ръководство по аналитична химия. Второ издание, Унив. изд. “Св. Кл.
Охридски”, С., 2001, 162 с., ISBN 954-07-1519-9: Alexandrov, S. Practice in Analytical
Chemistry. 2nd Edition. St. Kl. Ohridski University Press, Sofia, 2001, pp. 162, ISBN 954-071519-9 (in Bulg.).
13. Нейков, Г. Д., О. М. Пешев, С. А. Неделчев, С. Т. Бенева, Л. Н. Станоева. Химия и
опазване на околната среда. Учебник за 11. клас профилирана подготовка. Булвест
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2000, С., 2002, 307 с., ISBN 954-18-0264-8; Nejkov, G. D., O. M. Pechev, St. A. Nedelchev,
S. T. Beneva, L. N. Stanoeva. Chemistry and Environmental Protection. 11th School Class
Textbook. Bulvest 2002, Sofia, 2002, pp. 307. ISBN 954-18-0264-8 (in Bulg.).
14. Шишиньова, М., М. Градинарова, Е. Илиева, Л. Банчева, И. Враджалиева, С. Александров.
Човекът и природата за пети клас. Анубис, С., 2006, 167 с. ISBN-10: 954-426-692-5, ISBN13: 978-954-426-692-9; Shishinyova, M., M. Gradinarova, E. Ilieva, L. Bancheva, I. Vradzhalieva, S. Alexandrov. Man and Nature for 5th Grade. Anubis Publishing House, Sofia, 2006, pp.
167, ISBN-10: 954-426-692-5, ISBN-13: 978-954-426-692-9 (in Bulg.).
15. Шишиньова, М., М. Градинарова, Е. Илиева, Л. Банчева, И. Враджалиева, С.
Александров. Човекът и природата за пети клас. Тетрадка. Анубис, С., 2006, 65 с.;
Shishinyova, M., M. Gradinarova, E. Ilieva, L. Bancheva, I. Vradzhalieva, S. Alexandrov. Man
and Nature for 5th Grade. A Notebook. Anubis Publishing House, Sofia, 2006, pp. 65 (in Bulg).
Scientific Papers
16. Daiev, Ch., S. Alexandrov, L. Daieva. Zerstörungsfreie aktivierungsanalytische Bestimmung
von Mikro- und Ultramikromengen Indium in Reinstthallium und Thalliumverbindungen, Fresenius Z. Anal. Chem., 239, 1968, 369–377.
17. Даиев, Х., С. Александров, М. Михайлов. Метод за недеструктивен неутронноактивационен анализ, Авт. свидетелство № 13593 (1968), Рег. № 9634/21.03.1968 г.;
Daiev, Ch., S. Alexandrov, M. Michailov. Method for Non-destructive Activation Analysis,
Author’s Certificate No. 13593 (1968), Reg. No. 9634/21.03.1968 (in Bulg.).
18. Даиев, Хр., Ст. Александров. Неутронно-активационное определение платины по золоту199. В: Симпозиум по использованию методов меченных атомов для совершенствования
технологических процессов производства и по применению ядерено-физических
методов анализа состава веществ. Познань, Польша, Польша-Познан, 12–15.ХI.1968
г., СЭВ, Варшава, 1969, 325–332; Daiev, Ch., S. Alexandrov. Determination par activation
neutronique du Pt à l’aide du 199Au, In: Conference sur l’utilisation des isotopes radioactives
pour prefectionnement des prossesus technologiques et l’utilisation des methodes physiques
radiochimiques pour l’analyse des substances. Poznan, Polane, Warssovie, 1969, 325–332 (in
Russian).
19. Alexandrov, S., J. N. Barrandon, I. N. Bourelly, Ch. Cleyrergue, N. Deschamps, H. Jaffrezic, B. Vialatte. Etude du comportement de quelques metaux nobles sur le sulfure de cuivre
en milieu acide forte. Radiochem. Radioanal. Lett., 5, 1970, 51–58.
20. Alexandrov, S., N. Krasnobaeva. Zur Analyse von Reinstblei. Spectrochemische Bestimmung
von Kupfer, Eisen, Zinn und Wismut mit Anreicherung durch Ionenaustausch, Acta Chim. Sci.
Hung., 64, 1970, 11–16.
21. Bourelly, I.N., Ch. Cleyrergue, N. Deschamps, H. Jaffrezic, B. Vialatte, S. Alexandrov, J. N.
Barrandon. Etude de la fixation des metaux alcalins sur le pentoxide d’antimoine hidrate en
milieu acide forte, Radiochem. Radioanal. Lett., 5, 1970, 43–49.
22. Krasnobaeva, N., S. Alexandrov. Zur Analyse von Reinstblei. Spectrochemische Bestimmung
von Kupfer, Eisen und Antimon mit Anreicherung durch Ausfällung des Bleichlorids. Acta
Chim. Sci. Hung., 64, 1970, 1–9.
23. Vialatte, B., J. N. Barrandon, S. Alexandrov, I. N. Bourelly, Ch. Cleyrergue, N. Deschamps,
H. Jaffrezic. Etude de la fixation du fluor sur le pentoxide d’antimoine hidrate en milieu chlorhydrique. Radiochem. Radioanal. Lett., 5, 1970, 59–62.
24. Cleyrergue, Ch., N. Deschamps, H. Jaffrezic, B. Vialatte, S. Alexandrov, J. N. Barrandon,
I. N. Bourelly. Etude de la fixation du fer sur le dioxide d’etain hidrate en milieu nitrique.
Radiochem. Radioanal. Lett., 6, 1971, 15–20.
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25. Александров, С., И. В. Голубцов. Изучаване сорбцията на благородните метали върху
някои неорганични сорбенти. Съобщ. III. Сорбция на сребро(I), злато(III), рутений(IV),
родий(III), паладий(II) и платина (IV) върху оловен сулфид. Год. Соф. Унив., Хим. фак.,
65, 1970–1971, 105–112; Alexandrov, S., I.V. Golobtzov. Study of the Sorption of Noble
Metals on Some Inorganic Sorbents. Communication III. Sorption of Silver(I), Gold(III),
Ruthenium(IV), Rhodium(III), Palladium(II) and Platinum(IV) on Lead Silphide. Ann. Univ.
Sofia, Fac. Chim., 65, 1970–1971, 105–112 (in Bulg.).
26. Александров, С., И. В. Голубцов. Изучаване сорбцията на благородните метали върху
някои неорганични сорбенти. Съобщ. IV. Сорбция на сребро(I), злато(III), рутений(IV),
родий(III), паладий(II) и платина(IV) върху живачен сулфид. Год. Соф. Унив., Хим. фак.,
65, 1970–1971, 113–118; Alexandrov, S., I.V. Golobtzov. Study of the Sorption of Noble
Metals on Some Inorganic Sorbents. Communication IV. Sorption of Silver(I), Gold(III),
Ruthenium(IV), Rhodium(III), Palladium(II) and Platinum(IV) on Mercury Sulphide. Ann.
Univ. Sofia, Fac. Chim., 65, 1970–1971, 113–118 (in Bulg.).
27. Александров, С., И. Иванов. Изучаване сорбцията на благородните метали върху някои
неорганични сорбенти. Съобщ. V. Сорбция на сребро(I), злато(III) и на платиновите
метали върху оловен, меден и живачен сулфид. Год. Соф. унив., Хим. Фак., 65, 1970–1971,
319–328; Alexandrov, S., I. Ivanov. Study of the Sorption of Noble Metals on Some Inorganic
Sorbents. Communication V. Sorption of Silver(I), Gold(III) and Platinum Metals on Lead, Copper and Mercury Sulphide. Ann. Univ. Sofia, Fac. Chim., 65, 1970–1971, 319–328 (in Bulg.).
28. Александров, С. Изучаване сорбцията на благородните метали върху някои неорганични
сорбенти. Съобщ. VI. Сорбция на осмий(IV) и иридий (IV) върху оловен и живачен
сулфид. Год. Соф. Унив., Хим. Фак., 66, 1971–1972, 107–117. Alexandrov, S. Study of
the Sorption of Noble Metals on Some Inorganic Sorbents. Communication VI. Sorption of
Osmium(IV) and Iridium(IV) on Lead and Mercury Sulphide. Ann. Univ. Sofia, Fac. Chim.,
66, 1971–1972, 107–117 (in Bulg.).
29. Александров, С. Изучаване сорбцията на благородните метали върху някои неорганични
сорбенти. Съобщ. VII. Върху механизма на процеса на сорбция на йоните на благородните
метали върху оловен, меден и живачен сулфид в кисела среда. Год. Соф. унив., Хим.
фак., 67, 1972–1973, 83–91. Alexandrov, S. Study of the Sorption of Noble Metals on Some
Inorganic Sorbents. Communication VII. On the Mechanism of the Sorption Process of Noble
Metal Ions on Lead, Copper and Mercury Sulphide in Acidic Medium. Ann. Univ. Sofia, Fac.
Chim., 67, 1972–1973, 83–91 (in Bulg.).
30. Александров, С., И. В. Голубцов. Сорбция на среброто, златото и на платиновите метали
на неорганични йонообменни материали. Химия и индустрия, 44, 1972, 365–370; Alexandrov, S., I.V. Golubtzov. Sorption of Silver, Gold and Noble Metals on Inorganic Ion
Exchange Materials. Khimiya i Industriya, 44, 1972, 365–370 (in Bulg.).
31. Александров, С. Изучаване сорбцията на благородните метали върху някои неорганични
сорбенти. Съобщ. II. Сорбция на рутений(IV), родий(III), паладий(II) и осмий(IV) върху
меден сулфид в кисела среда. Год. Соф. унив., Хим. фак., 68, 1973–1974, 281–290. Alexandrov, S. Study of the Sorption of Noble Metals on Some Inorganic Sorbents. Communication II.
Sorption of Ruthenium(IV), Rhodium(III), Palladium(II) and Osmium(IV) on Copper Sulphide
in Acidic Medium. Ann. Univ. Sofia, Fac. Chim., 68, 1973–1974, 281–290 (in Bulg.).
32. Александров, С. Изучаване сорбцията на благородните метали върху някои неорганични
сорбенти. Съобщ. VIII. Радиохимично разделяне на иридий(IV) от сребро(II), злато(III),
платина(IV) и паладий(II) c помощта на меден сулфид като cорбент. Год. Соф. унив.,
Хим. фак., 68, 1973–1974, 291–297. Alexandrov, S. Study of the Sorption of Noble Metals
on Some Inorganic Sorbents. Communication VIII. Radiochemical Separation of Iridium(IV)
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from Silver(I), Gold(III), Platinum(IV) and Palladium(II) by Means of Copper Sulphide as a
Sorbent. Ann. Univ. Sofia, Fac. Chim., 68, 1973–1974, 291–297 (in Bulg.).
33. Александров, С., С. Илиев. Неутронно-активационен метод за определяне на злато в
морска вода, Авт. свидетелство № 20503 (1974), Рег. №. 26837 / 31.05.1974 г.; Alexandrov, S., S. Iliev. Neutron Activation Method for Determination of Gold in Sea Water, Author’s Certificate No. 20503 (1974), Reg. No. 26837/31.05.1974 (in Bulg.).
34. Александров, С., А. Константинова, Д. Цалев. Сравнително изследване на емисионноспектралния, атомно-абсорбционния и неутронно-активационния анализ при определяне
на някои микроелементи в биологични обекти. Год. Соф. Унив., Хим. Фак., 69 (1), 1974/1975,
153–163; Alexandrov, S., A Konstantinova, D. Tsalev. Comparative Study of Atomic Emission,
Atomic Absorption and Neutron Activation Analysis for Determination of Some Microelements
in Biological Materials. Ann. Univ. Sofia, Fac. Chim., 69 (1), 1974/1975, 153–163 (in Bulg.).
35. Александров, С. Нейтронно-активационное определение иридия в бедных медноникелевых рудах. Ж. аналит. химии, 30, 1975, 322–325; Alexandrov, S. Neutron Activation Determination of Iridium in Low-Grade Copper-Nickel Ores, Zh. Anal. Khim., 30, 1975,
322–325 (in Russian).
36. Александров, С. Сорбция йонов благородных металлов сульфидами свинца, меди и ртути
из сильнокислых растворов. Ж. аналит. химии, 30, 1975, 528–532; Alexandrov, S. Sorption of Noble Metal Ions on Sulphides of Lead, Copper and Mercury from Highly Acidic Solutions. Zh. Anal. Khim., 30, 1975, 528–532 (in Russian).
37. Александров, С. Емисионно спектрален метод за определяне на живак в природни води,
Авт. свидетелство № 22961 (1975), Рег. №.30329/18.06.1975 г.; Alexandrov, S. Atomic
Emission Spectrographic Method for Determination of Mercury in Natural Waters, Author’s
Certificate No. 22961 (1975), Reg. No. 30329/18.06.1975 (in Bulg.).
38. Alexandrov, S. Dosage par spectrometrie gamma non destructive du mercure et de l’or dans
l’eau de mer aprеs preconcentration par le sulfur de plomb. Talanta, 23, 1976, 684–686.
39. Alexandrov, S. Atomic Emission Spectroscopic Determination of Mercury in Fish. Compt.
Rend. Acad. Bulg. Sci., 29, 1976, 1309–1312.
40. Alexandrov, S., Z. Milenova, V. Simeonov. Optimized condition for emission-spectral determination of mercury by the use of iron electrode cell. Ann. Univ. Sofia, Fac. Chim., 70,
1975–1976, 44–49.
41. Динев, И., С. Александров, С. Cлавов. Изследване съдържанието на микроелементи в
биологични материали при болни от ендемична нефропатия. Сб. доклади на II национален
конгрес с международно участие по клинична лаборатория, 15–17 май, София, 1975,
35–41; Dinev, I., S. Alexandrov, S. Slavov. Study on Microelement Content in Biological Materials from Endemic Nephropathy Patientrs, In: Procedings of the Second National Congress
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1, J. Bourchier Blvd.
1164 Sofia
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In memoriam: Prof. KOSTADIN NIKOLOV KOSTADINOV, D. Sc.
1931–2009
Prof. D. Sc. Kostadin Nikolov Kostadinov deceased on 7.10.2009.
Prof. Kostadinov was born in 1931. He graduated
in Chemistry at the University of Sofia in 1955 and
started his carrier as a research associate in the Institute of Physics of the Bulgarian Academy of Sciences.
Under the supervision of the great Bulgarian scientist
Prof. Elisaveta Karamihajlova he worked on natural
radioactivity, mainly on the determination of the uranium and radium content in fallout, water sources,
thermal and cold underground waters and medicinal
mud and its influence on humans.
Prof. Kostadinov has a significant contribution to
the start of the Bulgarian Research Nuclear Reactor IRT-1000 in Sofia and particularly in the preparation and the control of the first cooling water loop. He was
a founder and head of the Radiochemical Laboratory of the Institute of Physics
with Atomic Scientific Experimental Basis (now Institute of Nuclear Research
and Nuclear Energy), in which for the first time in Bulgaria radioactive isotopes
(gold-198, fluorine-18, yttrium-90) and labelled compounds for medical purposes
were produced.
Since 1964 he was an associate professor and in 1980 became professor in Radiochemistry in the Department of General and Inorganic Chemistry of the Faculty
of Chemistry. He was the founder and for many years head of the Radiochemical
Laboratory of the Department. In the sixties he was a vice dean of the Faculty.
In 1968-1973 Prof. Kostadinov took a responsible position in the International Atomic Energy Agency in Vienna as a coordinator of research and technological projects related to uranium mining.
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In 1975-1980 he was Chairman of the Bulgarian Committee for Peaceful
Uses of Atomic Energy (now Nuclear Regulatory Agency).
Prof. Kostadinov had various scientific interests in the field of natural radioactivity, the production and characterization of radionuclides and labelled compounds,
chemistry and radiochemistry of the cooling water from the first loop of nuclear
reactors, radioanalytical chemistry (radiochemical and neutron activation analysis,
low-energy beta-emitters measurement), nuclear chemistry and radioecology.
In the seventies-eighties of the last century he and his collaborators continued the investigations on natural radioactivity started in the very beginning of his
carrier, with development of methods for low-energy beta-emitter measurement,
particularly of tritium. Problems related with its determination by means of internal filling counters and liquid scintillation spectrometry were solved. The main
attention was paid to its monitoring in the environment and application for the
evaluation of the radioecological conditions around nuclear facilities as well as
for solving hydrological issues.
The studies in the field of the chemistry of the research reactor were continued and extended for analysis of some radionuclides in the cooling water of the
Kozloduj Nuclear Power Plant.
The gamma spectrometers supplied through contracts with the International
Atomic Energy Agency made possible a successful development of radiochemical
and non-destructive neutron activation analysis methods for analysis of uranium,
mercury and lithium in waters, low-content uranium materials (phosphorites, copper ores, lignite coal ash), coal, etc. as well as methods for multicomponent analysis of different samples. Later on these investigations were fruitfully carried out
and extended by his former collaborators. However they were limited after closing of the research nuclear reactor in Sofia.
Prof. Kostadinov inspired investigations in nuclear chemistry (chemical effects of nuclear transformation), studying hot atom chemistry of sulfur-35 as well
as mercury-203.
After his retirement (1999) Prof. Kostadinov concentrated his interests mainly in radioecology, including radiostrontium determination in bones, etc.
In 1964 Prof. Kostadinov delivered lectures in the first course in radiochemistry
in the Faculty of Chemistry and after that in other radiochemical subjects. Under his
supervision M. Sc. and Ph. D. theses were elaborated. The training of radiochemists,
started by Prof. Kostadinov with a single optional course, has successful development: in 1972 a specialization in radiochemistry was established, followed by a
masters program and since 2006 the bachelor program in Nuclear Chemistry.
Prof. Kostadinov is an author of 125 scientific papers and of a number of
reports on national and international scientific forums, and of a few books in the
field of radiochemistry and transuranium elements. He translated the fundamental
text-book of Fridlander, Kennedy and Miller into Bulgarian. The bibliography of
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his works can be found in Annuaire de l’Université de Sofia “St. Kliment Ohridski”, Faculté de Chimie 96 (2004) 9-19.
Prof. Kostadinov considered secondary school education and especially the
radioecological education of young people as very important. He was a co-author
of textbooks for secondary education and of papers devoted to the methodological
problems in this field.
For his scientific and pedagogical work and his contributions in the development and recognition of Bulgarian radiochemistry, Prof. Kostadinov was decorated with the Sign of Merit of the University of Sofia with a blue ribbon.
Prof. Kostadinov, along with other Bulgarians, gave his contribution to turn
Bulgaria into nuclear state. The future belongs to the new generations and depends
on their will and efforts.
Prof. D. Tododrovsy, DSc, PhD
Department of Inorganic Chemistry,
Faculty of Chemistry,
University of Sofia
1, J. Bourchier Blvd.
1164 Sofia
30.03.2010
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In memoriam: Prof. VENETA DRIANSKA D. Sc.

1937–2010
Prof. D.Sc. Veneta Drianska Ph. D. was born on
the 28th of March 1937 in Oreshak village, Lovech
region. In the year of 1960 she graduated from the
faculty of Physics and Mathematics of the University
of Sofia with a degree in Chemistry. Afterwards she
taught for a year and later worked as a chemist in the
Chemical-Pharmaceutical factory in Troyan.
After a successfully won a contest in 1962 she was
appointed an assistant- Professor in the department of
Organic Chemistry of the Chemical Faculty of the University of Sofia. She attained the academic rank of Associate Professor in 1987, and
in 2001 she was elected as Professor in the department of Organic Chemistry.
In 1975 after a successful defense of Ph. D. dissertations she was awarded the scientific degree PhD. In 1998 she defended the degree “Doctor of Chemical Sciences”.
Prof. Drianska increased her scientific qualification during a 4-month specialization at the University of Paris VII in 1976 and in 1988 she specialized for
3 months at the University of Biefeld with Prof. Demlow. She delivered scientific
reports on her own researches at the Jagiellonian University in Krakow as well as
universities in Bielfeld and Saarland.
Prof. Drianska was a prominent researcher in the field of Organic Synthesis.
She had a great contribution for the introduction and the development of phase
transfer catalysis and its application to reactions of aldole type and reactions of
conjugated 1,4 incorporation. The obtained results are summarized in more than
70 scientific publications; she was a co-author of 6 auto certificates. Her contributions to the field of organic synthesis are cited more than 220 times in scientific
articles and monographs. More than 20 diploma works and 2 PhD dissertations
were defended successfully under her directions.
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Throughout her long period as a member of staff of the department of Organic
Chemistry Prof. D.Sc. Veneta Drianska proved to be a prominent scientist in the field
of organic synthesis as well as a respected by the student’s teacher and lecturer and a
tolerant and responsible member of staff of the department of Organic Chemistry.
Prof. M. Miteva, DSc, PhD
Department of Analytical Chemistry,
Faculty of Chemistry,
University of Sofia
1, J. Bourchier Blvd.
1164 Sofia
30.03.2010
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NATURE OF THE MAGNETIC INTERACTION IN ORGANIC
RADICAL CRYSTALS.
5. MIXED RADICAL CRYSTALS WITH POLYMETHINE RADICALS #
N.TYUTYULKOV1, F.DIETZ2
University of Sofia, Faculty of Chemistry, Department of Physical Chemistry,
1, J. Bourchier blvd, BG-1164, Sofia, Bulgaria.
E-mail adress:tyutyulkov@chem.uni-sofia.bg
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Universität Leipzig, Wilhelm-Ostwald-Institut für Physikalische und Theoretische Chemie,
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# Part 5, see ref. 3.
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Dedicated to the 70th anniversary of Prof. Dr. Michail G. Arnaudov
Abstract. The magnetic characteristics of a class 1-D mixed radical crystals composed
of stable polymethine radicals and polycyclic aromatic hydrocarbons are investigated
theoretically by means of many electron band theory of magnetism. The ferromagnetic
interaction between the electrons within the half-filled-band is characterized. The
contributions to the effective exchange integral: direct (Hund,s), kinetic and indirect, are
calculated. For some structures, the values of the effective exchange integral in the order
of magnitude of ~ 102 meV.
Keywords: molecular ferromagnets

INTRODUCTIONS

Although with very low critical temperature, Tc, the known pure organic high
spin systems with ferromagnetic coupled electrons and macroscopic ferromagnetism are crystals with inter-molecular π-system of conjugation [1,2].
In our earlier paper (see ref.3 and references given therein) the band theory
of magnetism is applied to study the nature of the intermolecular magnetic in61

teraction in 1-D mixed radical crystals (MRC) composed of polycyclic aromatic
hydrocarbons (PAH) and π-radicals or π−ion radicals. In all systems investigated
in the papers cited in ref.3, the magnetic interaction between theelectrons in the
half-filled-band (HFB) is weak. The effective exchange integral Jeff (see eq.4) has
a low value: Jeff < 40 meV.
The aim of the present paper is to extend the investigation for MRC characterised by strongly coupled electrons (large values of Jeff) – necessary condition for
high values for critical (Curie) temperature, Tc.
OBJECTS OF INVESTIGATION

The investigated mixed radical crystals are composed of polymethine radicals (see ref.4, and refs. given therein): Weitz -1, 2, Wurster- 3, shown in Fig.1,
and PAHs-nanographenes [5], shown in Fig.2.

.

H
N

X

+

N
H

H
N

N

.

.
Y

1

+

2

3a , X= NH2, Y= NH2
3b, X= O , Y = O -

Fig. 1. Invesstigated polymethine radicals.
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Fig. 2. Invesstigated PAHs : triphenylene (T), coronene (C), and hexabenzocoronene.(HBC)
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Models of the 1-D stacks
The stacks of the disk-type π-systems are considered to be 1-D crystals, for
which the Born-Karman cyclic conditions are fulfilled. The arrangement of the
stacks is of the slipped face-to-face type.
The intermolecular distances between the planes of two neighboring monoradicals in different pure molecular radical crystals (MRC) vary in the range between 3.1 Å in the stacks of Wurster ’s radicals [6] up to 3.71 Å in the galvinoxyl
stacks [7]. Because the results of the magnetic characteristics qualitatively are
identical obtained with different values of the inter-planar distance R (see Table 2)
in the other Tables are given the results for a value of R = 3.35 Å as for the 2-D
layer of graphite [8] (Scheme 1):

HBC

o

3.35 A

Radical

o

3.35 A

Scheme 1
All radicals and PAHs are assumed to have ideal geometry: all bond lengths, R= 140 Å, valence
bond angles 120°.

METHOD OF INVESTIGATION

Energy Spectra
If the MOs of the 1-D system have the form of Bloch running waves
Ψ(κ) = N-1/2 ΣΣCr(k) exp(-ikμ)|r,μ>

(1)

μ r

(k ∈[-π, π] is the wave vector, μ denotes the number of the elementary units (EU)
and |r,μ> is the r-th AO within the μ-th EU), in the Hückel-Hubbard version of the
Bloch method the MO energies e(k) are eigenvalues of the energy matrix [9]:
E(k) = Eo + V exp(ik) + V+exp(-ik),

(2)

where Eo is the energy matrix for the EU, V is the interaction matrix between
neighbouring EUs (μ-th and μ+1-th), V+ is the transposed matrix.
Spin-exchange Interaction in the Half Filled Band
In accordance with Anderson’s theory of magnetism [10] it was shown (see
ref.11 and references given therein) that the effective exchange integral, Jeff , in the
Heisenberg-Dirac-Van Fleck Hamiltonian ( i and j denote the EUs):
H = -2 Σ Jeff (i,j) Si Sj = -2 Σ Jeff (i,j) Si Sj = -2 Σ Jeff (τ) Si Sj
i,j

i,j

i,j

(3)
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can be expressed as a sum of three contributions:
Jeff = J - Jkin + Jind

(4)

J is the direct (Coulomb, Hund) exchange integral between the Wannier states
localized at the i-th and j-th sites.
Jkin (Jkin < 0) is the kinetic exchange parameter representing the antiferromagnetic contribution to the spin exchange:
Jkin = -Δε2 / 2U = -Δε2 / 2(Uo - U1 ),

(5)

where Δε is the NBMO band width and U is the renormalized Hubbard parameter
[12]. Uo and U1 are the Coulomb repulsion integrals of to electrons, residing in the
same Wannier state and occupying adjacent Wannier states (τ = 1).
The term Jind expresses the indirect exchange (superexchange) via delocalized π−electrons in the filled energy bands. The sign of Jind is determined by the
structure and the interaction between the EUs. The terms can be calculated using
a formalism described in ref. 13.
The calculations have been carried out using a standard set of parameters [11,
14]. The exchange parameter in eq. (4) was calculated by means of the screened
Mataga-Nishimoto potential [16] for the two-centre Coulomb atomic integrals:
γrs (M) = e2/(a+DRrs),

(6)

where D is the screening constants.
The results obtained by means of the Ohno potential [17] do not differ substantially from the results calculated using the Mataga-Nishimoto approximation.
Whangbo – Nubbard condition.
Whangbo has derived a condition [18], allowing a simple determination of
the relative stability of localised high spin (magnetic) and loe spin (non- magnetic) states in the half-filled-band (HFB). Let us denote the Coulomb repulsion
integral of two electrons occupying the same Wannier state and adjacent states
by Uo and U1 , respectively, and the HFB width by Δε. Wangho,s condition reads
(U = Uo – U1 is the renormalized Hubbard integral):
Δε \ U < π/4

(7)

Similar condition is derived by Hubbard [12]:
Δε \ U < 2. 2-1/2
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(8)

Eqs. (7) and (8) have the following physical meaning: if the HFB width Δε is
small compared with the Coulomb repulsion Uo – U1 , the magnetic, high-spin
state is favoured.
NUMERICAL RESULTS AND DISCUSSION

In Tables 1–6 are given the numerical results of the calculated values of the
components to the effective exchange integral between the electrons in the delocalized HFB of radical crystals, consisting of different radicals and PAHs.
Table 1. Calculated values of the exchange parameter (in meV) of the 1-D
mixed radical crystals consisting of the Weitz radical 1, and coronene. The results
are obteined Mataga-Nishimoto approximation for the two-center Coulomb integrals (see eq. 6). The results obteined by means of the Ohno potential are given
only in Table 5.

Δr1
0.7*
0.7**
1.4*
1.4*
2.1*

Δr2
0
0
0
1.4
0

J
50
91
256
121
0.6

Jind
1
2
69
3
0

Jkin
0
0
0
0
0.8

Jeff
51
93
325
124
1.4

* The interaction only between first neighbouring π-centers is taken into account.
** The interaction between first and second π-centers is taken into account.

Table 2. Calculated values of the exchange parameter (in meV) of the 1-D
mixed radical crystals consisting of Weitz radical 1 and hexabenzocoronene.
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Δr1

1.4*
1.4**
0*

Δr2

0
0
0

J

Jind

184
247
180

6
7
5

- Jkin

4
0
2

Jeff

186
254
183

* The interaction only between first neighbouring π-centers is taken into account.
** The interaction between first and second π-centers is taken into account.

Table 3. Calculated values of the exchange parameter (in meV) of the 1-D
mixed radical crystals consisting of Weitz radical 1 and triphenylene.

T-n

Δr

J

T- 1*
T- 1*
T- 1**
T- 2*
T- 2**
T- 2**

0
1.4
1.4
0
0
1.4

11.6
56
35
53
26
8

Jind
0.4
16
1
2
1
0

- Jkin
0
0
0
0
0
0

Jeff
12
72
36
55
27
8

* The interaction only between first neighbouring π-centers is taken into account.
** The interaction between first and second π-centers is taken into account.
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Table 4. Calculated values of the exchange parameter (in meV) of the 1-D
mixed radical crystals consisting of Weitz radical 2 and coronene.

Δr1
0*
0**
1.4*
1.4*
2.8*
2.8**

Δr2
0
0
0
1.4
0
0

J
114
52
38
54
30
12

Jind
8
3
3
4
2
1

- Jkin
6
1
0
1
0
0

Jeff
116
54
41
57
32
13

* The interaction only between first neighbouring π-centers is taken into account.
** The interaction between first and second π-centers is taken into account.

Table 5. Calculated values of the exchange parameter (in meV) of the 1-D
mixed radical crystals consisting of Wurster radicals 3a,3b and triphenylene. I all
cases Δy1 = 0.

Radical
3a*
3a**
3a**,#
3b*
3b**
3b**,#

Δy
0
1.4
1.4
0
1.4
1.4

J
21
18
22
35
22
27

Jind
1
1
2
2
1
2

- Jkin
~0
~0
~0
~0
~0
~0

Jeff
22
19
24
37
23
29

* The interaction only between first neighbouring π-centers is taken into account.
** The interaction between first and second π-centers is taken into account.
# The results are obteined by means of Ohno potential.
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The Whangbo- Hubbard condition is fullfiled for all considered 1D stacks. For
instance the HFB width and the renolmalised Hubbard integral for stacks shown
in Table 5 (Δy =1.4) Å) have the values : Δε = 21 meV , and U = 2.195 eV.

CONCLUSIONS
The results in this paper illustrate the possibility for the existence of mixed
radical crystals with polymethine radicals with ferromagnetic ordering. The numerical results should be consi-dered as quantitative illustrations of qualitative
correct results.
The main factors that determine the magnitude of the effective exchange integral are the slip parameters (Δr, Δx and Δy, respectively).
The high values of the effective exchange integral (in some stacks in the
order of magnitude of ~102 meV) corresponds to for high values for the crytical temperature, Tc of the experimentally accsesible mixed radical crystals with
polymethine radicals.
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MEASURING THE LIQUID-GAS LINE ENERGY IN
DIPALMITOYL-SN-GLYCERO-3-PHOSPHOCHOLINE (DPPC)
LANGMUIR MONOLAYERS COMBINING WIDE-FIELD
FLUORESCENCE MICROSCOPY AND SURFACE POTENTIAL
MEASUREMENTS
KONSTANTIN BALASHEV a, MARTIN GUDMAND b, THOMAS HEIMBURGc AND
THOMAS BJORNHOLMb
Sofia University, Faculty of Chemistry, Department of Physical Chemistry, Lab. Of Biophysical
Chemistry, Sofia 1164, 1, James Bourchier Ave., Bulgaria
b
Nano-Science Center, Department of Chemistry, University of Copenhagen, Universitetsparken 5,
2100 Copenhagen Ø, Denmark
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Abstract. The evolution of two dimensional bubble-like domains in DPPC Langmuir
monolayers were observed during the compression of the monolayer in areas corresponding
to the coexisting region gas- liquid expanded (G - LE) phase. On the basis of previously
developed theory [1–3] we determine the values of the line tension, λ , between the two
phases within the monolayer. For that purpose we combined two experimental methods:
Wide-Field Fluorescence Microscopy adapted with Langmuir trough and surface potential
measurements. We used the first method to evaluate the radii and areas of the gas phase
domains. In the same time using data from the surface potential measurements the electrostatic
interactions within coexisting phases were distinguished from the mechanical ones.
Key words: Wide-Field Fluorescence Microscopy, Langmuir monolayers, Line tension,
Surface potential, Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), two-dimensional systems

69

INTRODUCTION

Phospholipid molecules with long C − chains (i.e. C14 to C20 ) form at airwater interface stable water-insoluble Langmuir monolayers. If sufficiently small
amount of these molecules is spread at the interface as a result a monolayer is
formed in molecular state where individual molecules are separated at distances
from each other far enough that no force interactions between them could exist.
This thermodynamic state is considered as 2D − gas. Further compression of the
monolayer leads to appearance of different phases or states, depending on the
surface concentration (or surface pressure), temperature, and molecular structure.
It is now generally accepted that a DPPC monolayer can exist in four different
pure phases below the critical temperature (~ 40 o C ). These are; gas (G), liquid
expanded LE, liquid condensed LC, and solid S. In addition to these there are two
mixed phases; a gas/liquid-expanded phase co-existence (G-LE), and the liquidexpanded/liquid-condensed phase co-existence (LE-LC).If lipid monolayers exist in a two phase regime, then using different experimental techniques one can
observe discrete domains of one phase surrounded by a second, coexisting phase.
Moreover, such lipid domains have been observed in a wide variety of shapes,
ranging from simple, circular disks to complex fractal patterns [1].
In the last two decades a big step forward in understanding two dimensional
microstructures has been done after emergence of some powerful experimental
methods such as Brewster angle and Fluorescence Microscopy. It is known that
equilibrium shape of the phase domains in monolayers is a result of a competition
between certain molecular interactions, particularly the line tension and electrostatic
forces. Explicitly speaking in such force competition at the interface, the line tension
prevails in phase domains with circular shapes as the line tension tends to minimize
the perimeter of the boundary between the two coexisting phases. On a contrary
for the coarsening of the domains are responsible long range repulsive electrostatic
forces between the dipoles carried by the surfactant molecules [1–3].
In two-phase equilibrium system line tension λ is defined as an excessive
energy quantity at the line of contact. Correspondingly λ is equal to the force
acting per unit length (line of contact of two the phases) [4]. Estimation of the line
tension λ of the interface between two coexisting phases always has been a demanding experimental problem [5]. First report for the measurement of the liquidsolid line energy in a Langmuir monolayer was presented by Muller et al. [6]. The
authors observed the homogeneous 2D − nucleation of solid anisotropic domains
from a liquid phase in an amphiphilic nitrobenzoxadiazole steric acid monolayer
and measured the line tension λ between the two phases. Discher B.M. et al [7]
while studying the effect of neutral lipids on coexisting phases in monolayers of
pulmonary surfactant by surface potential measurements along with fluorescence
microscopy calculated the interfacial tension between the two coexisting phases.
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More recently, Stottrup et al. [8] used a method for extracting the interfacial line
tension between coexisting monolayer phases through direct observations of thermal fluctuations. The backbone theory describing these two-dimensional systems
has been developed by McConnell [1–3]. In his model the definitive state of the
system corresponds to the minimum of the free-energy function F , which is sum
of the domain shaped-dependant electrostatic energy- Fel and line tension energyFλ . The theory also assumes that there is a sharp well defined boundary between
coexisting phases and that those phases are isotropic.
As an experimental approach for studying coexisting fluid phases at the airwater interface McConnell and others proposed monolayer perturbation of the
monolayer, either by a rotating disk or more recently by the manipulation of a
glass bead with optical tweezers. The line tension was determined by monitoring
the relaxation of the interface between coexisting monolayer phases. [9, 10]
In the present paper we present the use Wide-Field Fluorescence Microscopy (WFFM) technique adapted with Langmuir trough and surface potential
measurements for studying the nature of the region of coexisting liquid-expanded
(LE) and gas (G) phases in Dipalmitoylphosphatidylcholine (DPPC) monolayers
spread at air-water interface. Here we propose an adaptation of the theoretical and
experimental approaches developed by McConnell [1] and Meunier respectively
[5] to determine the values of the line tension, λ , between the two phases within
the monolayer. Our analysis required fluorescent images obtained during the slow
(quasi-statically) compression of DPPC monolayer.
Following an approach which allows to keep the monolayer at a strict equilibrium, the discontinuous phase occurs as circular domains with radius R determined by both line tension and the difference in dipole moment densities between
the two phases - λ and Δμ , respectively. Therefore for the purposes of the current
study we used the images obtained from Wide-Field Fluorescence Microscopy
in order to determine domain radius R and on the other hand we used the surface
potential measurements to determine Δμ .
THEORETICAL APPROACH

Surface potential ΔV is defined as a difference between potentials of the water substrate and that of the monomolecular layer spread at the air/water interface.
It is proportional to the effective dipole density μ for uncharged monolayer (Fig.
1). In a continuum approximation Helmholtz equation gives:

ΔV =

μ
,
εε 0

(1)

where ε is the local dielectric constant;ε0 is the dielectric constant of the vacuum;
ε 0 = 8.854 × 10−12 C 2 N −1m −2 ); μ = nμ , with n corresponding to the number of
molecules at the surface, respectively to the surface concentration Γ and μ is the
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Figure 1. (a) Surface potential ΔV is proportional to the effective dipole density μ for
uncharged monolayer. ΔV is the difference between potentials of the water substrate and that of
the monomolecular layer spread at the air/water interface. The difference in the effective dipolar
surface density μ of LE and G phases leads to repulsion between neighboring domains (b) The
surface potential ΔV describes the potential difference between the plates of a parallel capacitor
separated at distance d while the interfacial film represents flat array of dipoles with area.

effective dipole moment perpendicular to the surface[11]. The interpretation of the
surface potential is not as strict straightforward as the physical meaning surface
pressure. Equation (1) is analogous to the equation describing potential difference
between the plates of a parallel capacitor separated at distance d with assumption
that the interfacial film represents flat array of dipoles with area A = kl (Fig.1B).
Two main limitations of Helmholtz equation are considered. First one arises
from the assumption that the dielectric constant is unity. The second limitation
comes from the elimination of the contribution of the dipoles of water molecules
at the interface. [12]. It is also been shown that hydrocarbon and end-group dipolar
moments in the monolayer can influence the surface potential [13]. In order to use
the interpretation of the surface potential in terms of molecular dipole moments as
a first approximation we will take the dielectric constant ε as unity and equal to
the dielectric constant of the air ( ε air = 1 ). Surface potential measurements thus
give a good measure of long-range repulsion within a monolayer [9].
Following McConnell [1] we consider DPPC monolayer in which LE and G
phases are present. If the two-dimensional dipole moment density in the LE − and
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G − phases are denoted as μ LE and μG respectively then the dipole moment density in the monolayer can be considered as μ = μ LE − μG (Fig. 1a). In the equivalent
dipole model, the dipole densities μ LE and μG in each of the two coexisting phases
are related to the measured surface potentials ΔVLE and ΔVG by means of the
Helmholtz equation (1). Therefore using (1) and substituting ε = 1 one can write:

μ LE = ε00 ΔVLE

(2)

μG = εε00 ΔVG

(3)

From the experimental data (see further) for ΔVG ≈ 0 therefore (3) can be
approximate with:

μG = 0

(4)

Or from μ = μ LE − μG therefore we’ll have:

μ = μ LE
LE

(5)

Because the purpose of this study is to obtain values of the line tension, λ,
between the two coexisting phases, we assumed that DPPC monolayer is in thermodynamic equilibrium-or at least quasi equilibrium because of a slow rate of
compression- in the coexisting region LE/G phase. In this state gas phase occurs
as circular domains with radii R determined by λ and, the difference in dipole
densities between the two phases μ . Therefore we need an expression for μ in
terms of measurable quantities, and for λ in terms of R and μ .
When DPPC monolayer is split into liquid expanded and gas phases, the average dipole moment density, μ , in terms of the values μ LE and μG for each phase,
and the fraction of the interfacial area, φLE, occupied by the liquid expanded phase
[7] may be expressed as:
μ = μΕ φLE + μG (1 – φLE)

(6)

By appropriately combining equations (1) to (6) one can obtain:

μ = μ LE =

ε00 ΔV

(7)

φ
φLE
LE

Eventually, the line tension λ is determined from Req and μ as follows [7]:

λ=

⎛ 4 Req
μ2
ln ⎜⎜ 3 cq
4πε
4π
ε 00 ⎝ e δ

⎞
⎟⎟ ,
⎠

(8)
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where Req is equilibrium radius of the gas domains and might be determined as it explained in [7], e is the base of the Naperian logarithm, and δ is an effective distance
between neighboring dipoles at the interface, taken approximately 10 Е [14].
Substituting (7) in (8) leads to:
2

1 ⎛ ΔV ⎞ ⎛ 4 Req ⎞
λ=
⎜
⎟ ln ⎜
⎟
4πε 0 ⎝ φLE ⎠ ⎝ e3δ ⎠

(9)

Therefore to calculate λ our theoretical approach required experimental values for Req and μ . The first one was estimated from the images obtained with the
WFFM and the second one from the measurements of the surface potential ΔV .
MATERIALS AND METHODS

Materials
1, 2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was purchased from
Avanti Polar Lipids (Alabaster, AL) and used as received. Chloroform for phospholipid solutions was purchased from Merck (Germany).
Methods
Isotherm measurements
Initially, DPPC was dissolved in chloroform to a concentration of 1 mg/ml.
The lipids were spread using a Hamilton microsiringe on a pure MilliQ (Millipore Corp., Bedford, MA) water surface, and 15–30 min was allowed for
chloroform evaporation. The monolayers were compressed at a constant
speed of 1Å2 / molecule / min . Surface pressure ( π ) versus area per molecule (Å2 / molecule ) and surface potential ( ΔV ) versus area per molecule
(Å2 / molecule ) isotherms were measured using commercial Langmuir trough
(KSV 5000, KSV, Helsinki, Finland) with platinum plate. The surface potential
( ΔV ) was measured using a gold-coated 241 Am ionizing electrode and a reference calomel electrode. For surface potential data storage an electrometer (KP
511, Kriona, Bulgaria) connected to a PC with home made software for real-time
data acquisition was utilized. The accuracy of the initial surface potential, V0 ,
measurement was about 15 mV . However, the accuracy of the surface potential
variation rate, d V / d t , was 1 mV / s . As usual, the surface potential of the pure
water surface fluctuated for about 30 min. When it became constant the spreading
of the monolayer was performed.
Wide-Field Fluorescence Microscopy(WFFM) measurements
Thorough explanation of the experimental method is given at [15,16]. Here
we present only the schematics of the experimental setup (Fig. 2).
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Figure 2. A. Illustration of the central part of the microscope setup, with the two beam paths. One
for Fluorescence correlation spectroscopy (FCS) and one for Wide-Field Fluorescence Microscopy
(WFFM). B: Detailed illustration with the constructional elements removed. The objective is placed
just beneath the Langmuir trough. C: Schematic of the complete setup with the lenses in WFM
mode. Only one laser line is shown for simplicity. Lens 1 (L1) and lens 2 (L2) compose the beam
expander. Lens 3 (L3) focuses the laser on the objective (Köhler illumination). For FCS mode Lens
3 is removed and a focused spot is created ~200 μm above the objective. The signal is directed to
either an EMCCD camera (WFM), or an APD (FCS)
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Image analysis
Image analysis was carried out using public domain PC program- ImageJ,
available on the Internet web site. (http://rsb.info.nih.gov/ij/index.html)
RESULTS AND DISCUSSIONS

Typical isotherms, surface pressure versus mean molecular area (MMA)
(curve 1) and surface potential vs. MMA (curve 2) at Figure 3 confirmed previously published data (see for example [17]). All the phase transitions during
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Figure 3. Surface pressure versus mean molecular area (MMA) (curve 1) and surface potential vs.
MMA (curve 2). Phase transitions during the compression of DPPC monolayer are shown – gas
(G), gas-liquid expanded (G-LE) , liquid expanded (LE), liquid expanded –condensed (LE-C) ,
condensed (C) and solid (S). The cartoon representation of lipid molecules illustrates the lipid
organization during the compression. The monolayer is initially in a gas-phase where the lipids
have negligible interaction. After full compression the lipid monolayer is shifted into a solid-phase
where both lipid headgroups and aliphatic chains are highly ordered. Images: In the first image
(G-LE) phase co-existence) the dark areas are gas-bubbles (i.e. exposed air-water interface). In the
second image the dark areas are LC-domains (condensed lipid structure) in a LE matrix. Images
were recorded with the WFM
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the compression of DPPC monolayer are clearly distinguishable. In our study we
take into consideration only the gas-liquid expanded phase transition. It is known
from, simulation and experimental data that in gas phase the hydrocarbon chains
of DPPC molecules make significant contact with the water subphase. Further,
the compression of this 2D gas leads to a raise of hydrocarbon chains but they
still remain largely disordered. This phase transition to a liquid phase is identified as liquid expanded phase. We will concentrate on surface potential ΔV
versus area isotherm data since these are used in our theoretical approach. For
values of MMA from 180 to about 100 Å2 / molecule the surface potential remains constant with values about 15 mV . The obtained small values of the surface potential at these MMAs allowed us to use equation (9) as an approximation in the proposed theoretical model. At areas smaller than 100 Å2 / molecule
a rapid increase of the surface potential begins in values starting from 15 mV up
to 300 mV . The value of the surface potential equal to 300 mV corresponded to
area of about 95Å2 / molecule . At this point a kink of surface potential appeared.
During further compression of the monolayer from areas from 95Å2 / molecule
down to about 75Å2 / molecule the alteration of the surface potential was not so
sharp and eventually reached a broad plateau in the area of LE-C phase coexisting
region corresponding to 50Å2 / molecule . The values from 300 mV and corresponding area of 95Å2 / molecule to 380 mV with corresponding area about
75Å2 / molecule are observed. It is also clear from the surface pressure vs. MMA
isotherm that at area up to 95Å2 / molecule surface pressures remains undetectable with values altering around instrumental sensitivity.
The series of images obtained with WFFM at certain areas during the compression of the DPPC monolayer are presented at Figure 4. In this experiment,
the relaxation was done at the highest possible rate at which the monolayer plane
could be kept in the optical focus of the microscope (~ 5Å2 / molecule / min ). As
shown, fast relaxation caused quite large gas-bubbles to form at mean molecular areas just a few square-angstroms from the LE-phase. In contrast, when the
relaxation was done at 0.5Å2 / molecule / min , then the homogenous appearing
phase seen in (data not shown) could be maintained for much larger molecular
areas (at least 150Å2 . A general explanation for this may be that in the G-LE region which is close to the LE-phase, small air bubbles spontaneously form (due
to density fluctuations) and collapse (due to line tension) in a highly dynamic
process. These dynamic gas-bubbles were never observed in the microscope images and are therefore expected to be below the optical resolution. However, if the
monolayer was relaxed at high rate (> 2Å2 / molecule / min ), some of these dynamic gas-bubbles were stretched to a size where they became meta-stable. This is
comparable to the phenomena of undercooling of (3D-) fluids, where a substance
may retain its fluid structure below its freezing temperature if the temperature is
shifted too quickly for the molecules to arrange into an ordered (solid) structure.
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ММА [Å2/DPPC molecule]

ММА [Å2/DPPC molecule]
Figure 4. Wide-Field Fluorescence Microscopy (WFFM) images obtained during the compression
of DPPC monolayers at corresponding surface areas. The areas at which the images were recorded
are pointed with the arrows. The dark and the bright areas at the images represent the gas and liquid
expanded phases, respectively.

Gas-bubbles with a size on the order of the diffraction limit were observed to be at
least meta-stable, so the critical size at which the meta-stable bubbles are reached
must be on the order of 0.5 μ m .
From the Wide-Field Fluorescence Microscopy images and from surface potential measurements we can conclude that the rapid change of surface potential
at area around 100Å2 / molecule is a result of a phase transition from gas phase
to the coexisting G-LE phase. [14]. Further monolayer compression and the appearance of the kink in the surface potential isotherm correspond to the end of the
coexisting phase G-LE region and the beginning of the liquid expanded phase.
Finally, at Figure 5 are presented data for the change of line tension calculated
according to equation (9).
The obtained values for the line tension varied from 0.15 to 1.15 pN . As
it was expected line tension plays dominant role when gas domains are circular
(MMA from 75Å2 / molecule to 95Å2 / molecule ). Afterwards the domains start
coarsening and the line tension drops down to minimum values. Accordingly in
this situation the dipole-dipole interactions become dominant. Finally it should be
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determined using procedure explained elsewhere [7], and the values for ΔV were obtained from
Figure 5. The variation of the line tension

surface potential measurement as explained in Materials and Methods.

mentioned that the obtained values of line tension are in the range measured by
Riviere et al. [5]. Still, as these authors pointed out the straightforward comparison is difficult because the investigated systems are different.
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Abstract. This review considers the present status and the prospects for future
development of the bioimaging applications of quantum dots. The preparation and optical
characteristics of quantum dots are discussed, as well as the general strategies for their
post-synthetic chemical modifications, which are required in order to obtain biocompatible
fluorescent probes. Special attention is given to the problem with the cytotoxicity of
quantum dots, which is the major limitation toward their utilization in biological research.
Recently developed applications of quantum dots as fluorescent markers for colloidal drug
carriers are reviewed. Despite the currently existing problems, it is expected that quantum
dots will reveal many important details about the mechanisms of interaction between
biological cells and nanosized materials.
Key words: quantum dots, semiconductors, nanoparticles, nanocrystals, fluorescence,
bioimaging.

INTRODUCTION

The quantum dots (QDs) are spherical nanocrystals (2–10 nm in diameter)
made of semiconductor materials. A nanocrystal consists of about few hundreds
to few thousands of atoms and is thus an intermediate between a molecule and
the bulk. Since their first discovery in 1981 [1], the QDs and their chemical
synthesis is a rapidly expanding area of research in materials science [2–4]. These
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nanocrystals represent a novel type of inorganic fluorophores. QDs were first
utilized as fluorescent biolabels in 1998 [5, 6], which promoted further extensive
research in this area. Bioimaging applications of QDs also represent a rapidly
developing field and up to date there are many reviews concerning different aspects
of the problem [7–18]. In this report we review the influence of synthesis methods
on the optical characteristics of quantum dots, their subsequent processing and
suitability for different bioimaging applications. The general principles and ideas
in bioimaging with QD-probes are illustrated. The barriers restricting further
progress are discussed taking into account the significant potential for cytotoxicity
of QDs both in vitro and in vivo. The potential of QD-probes for revealing the
mechanisms of interactions between biological cells and nanosized materials is
discussed from the viewpoints of recent advancements in the fields of cancer cell
biology and drug delivery research.
QUANTUM DOTS FOR BIOIMAGING

1. Optical properties
Quantum dots absorb and emit visible light at room temperature due to a
quantum effect, known as the size-confinement of the exciton [14, 19–24]. The most
impressive for QDs are their size-dependent optical properties. Their absorbance
and emission wavelengths depend on the nanocrystals diameter [25]. After an
electron is excited, some of its energy is lost to atomic vibrations. This energy
is typically converted to heat. When the electron decays into the ground state, it
emits light at longer wavelength, because of its energy loss – this is the so-called
normal band-edge emission [26]. Typical absorbance and fluorescence spectra of
CdSe QDs prepared by us using the hot-matrix method are shown in Fig. 1. Due
to the thermal energy loss, the fluorescence spectrum is red-shifted with respect
to the absorbance spectrum (so-called Stokes shift). The nanoparticles can exhibit
also a unique type of fluorescence resulting from a trapping of an electron at the
crystal surface [26, 27]. When a defect is entrapped into the crystal, it introduces
a potential energy state in the band gap. Electrons are trapped at this state. The
emission from this state leads to an electron decay to the ground state and is thus
called trap-state emission. The respective fluorescence band is broader than the
band-edge emission and located at a longer wavelength, respectively. A QD can
exhibit both band-edge and trap-state emission simultaneously.
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Fig. 1. Typical absorbance (a) and fluorescence (b) spectra of CdSe QDs with average size of
4.5 nm. The QDs are prepared by hot-matrix method in liquid paraffin at 250 °C.

The quantum confinement effect results in unique optical and electronic properties
of QDs, giving them numerous advantages over the current fluorophores. The
conventional dyes have narrow excitation spectra. It requires an excitation by light of
a specific wavelength, corresponding to the maximum in the absorbance spectrum.
Also, the conventional organic fluorophores have broad emission spectra, meaning that
the spectra of different dyes may overlap thus limiting the possibilities for multicolor
labelling. Furthermore, most of the organic fluorophores have a poor photostability
and usually photobleach after only a few minutes of exposure to UV-light. Also,
the organic dyes have a fast fluorescence emission (~5 ns), which is similar to the
fluorescence lifetime of the background from many naturally occurring substances,
which leads to reduction of the signal-to-noise ratio in fluorescent bioimaging.
Now, let us summarize the advantages of QDs [16]. They have broad absorption
spectra, allowing excitation by light of a wide range of wavelengths. This may be
used to excite simultaneously multiple coloured QDs using a single wavelength
of light. The QDs have narrow emission spectra, which can be easily controlled
by varying the core size and composition, and also by variation of the surface
coatings. Furthermore, the QDs are extremely stable against photobleaching and
can remain fluorescent for hours under UV-light illumination. Finally, the QDs
have a long fluorescent lifetime after excitation, which can be advantageous
in time-gated imaging [14]. In the time-gated analysis, the photons hitting the
detector in the first few nanoseconds are disregarded to decrease the background
noise and increase sensitivity.
83

The most pronounced advantage of QDs over the organic fluorophores is their
superior photostability, demonstrated in a number of reports [5, 6, and 28]. This may
be exploited in situations where a long-term monitoring of labelled substances is
required, and is an area in which QDs may find use. For example, the comparison of
the photostability of silica-coated QDs and Rhodamine 6G at excitation wavelength
of 488 nm shows that the QDs exhibit a stable emission for at least 4 h, while
the Rhodamine dye bleaches after 10 min [8]. This difference in the photostability
is clearly illustrated by photographs comparing organic fluorophore vs. QDs in
fluorescent tracking of cells in the course of embryogenesis [28] and in fluorescent
labelling of cell structures [29]. Another example represents dihydrolipoic acidcapped CdSe-ZnS QDs, which show no loss in intensity after 14 h, and are nearly
100-fold as stable as, and also 20-fold as bright as, Rhodamine 6G [6].
2. Synthesis of core-only quantum dots
Most of the classical biological applications of QDs involve Cd-based
nanoparticles. The CdSe QDs are produced in the 90s by the organometallic
synthesis using dimethylcadmium as the Cd-precursor and toxic organic solvents,
such as trioctylphosphine oxide (TOPO) and aliphatic amines [2,30–32]. In the
2000s, the organometallics are replaced with CdO [3,4]. We have developed a
new approach using liquid paraffin as a solvent for the QDs synthesis [33], which
allows the systematic investigation of nanocrystal growth and studies of the effects
of various factors on this process [34–38]. The liquid paraffin solvent possesses a
number of advantages in comparison with the classical solvents used in nanocrystal
synthesis. The liquid paraffin is cheap, natural, non-toxic, chemically inert, and
has a high boiling temperature (>320 °C). The synthesis of QDs in liquid paraffin
leads to the formation of relatively monodisperse in size nanocrystals of high
fluorescence quantum yield (~25%) and well-controllable size. The size of QDs,
respectively their optical properties, can be controlled by various factors, such as the
synthesis temperature [2-4, 35–37, 39], the precursor molar ratio [36, 39–41], and
the composition of reaction medium (matrix) [38, 39, 42, 43]. Different in size QDs
can be obtained by simply taking aliquots from the matrix at different times of their
growth, or by rapidly cooling down the reaction mixture. After the synthesis, the QDs
can be easily purified and isolated applying simple extraction procedures [4,44]. A
synthesis of QDs, suitable for biological applications, has been proposed directly in
water dispersions [45–48]. In this case, the obtained QDs carry functionalities (like
thioglycolic acid) on their surface, which can serve as linkers with biomolecules.
Some commercially available QDs for bioimaging applications are also
non-cadmium. Recent report deals with the potential bioapplication of Zn-based
QDs [49]. Particular interest represents the nanoparticle synthesis of AIIIBV
semiconductors. The colloidal synthesis of various AIIIBV QDs is less studied
and needs more effort in order to obtain high-quality nanocrystals for extended
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bioimaging applications [50]. For example, colloidal QDs of InAs (diameters
~2.5–6 nm) are synthesized in a hot matrix of trioctylphosphine (TOP) [51]
serving as both the solvent and capping agent. The colloidal InAs QDs show
absorbance and fluorescence affected by the quantum confinement. InGaP2 based
QDs are commercial products for applications as markers in infrared light, where
the biological tissues are more transparent.
3. Synthesis of core-shell quantum dots
A core-shell quantum dot consists of a semiconductor nanocrystal core,
coated with a shell of another semiconductor material. The core-shell QDs have
a core of a narrow band-gap semiconductor like CdSe and a shell of a wide bandgap semiconductor like ZnS or CdS [52]. The core-shell nanocrystals typically
have brighter fluorescence [52–59] and are more stable against photodegradation
[54] than the core-only QDs. The fluorescence quantum yield of core-shell
nanocrystals can be 50–80%, however a fluorescence quantum yield of up to
40% is usually achieved [5, 60–63].
Core-shell CdSe/ZnS QDs have been first synthesized in a hot matrix of TOPO
[52]. A wide spectral range of bright fluorescence from different in size samples
of CdSe/ZnS can be obtained (the fluorescence peaks occur from 470 to 620 nm).
The position of maximum in the fluorescence spectrum shifts to red with increasing
of the shell thickness. The overcoating of CdSe QDs with either ZnS [52,53] or
CdS [54,64] shell has become routine and usually results in almost an order-ofmagnitude enhancement in the fluorescence quantum yield compared to the initial
core-only QDs. Recently, we prepared CdSe/CdS QDs by a novel approach using
the hot-matrix method in liquid paraffin [65]. In this procedure, the sulfur precursor
is injected at once to a dispersion of CdSe cores and cadmium stearate in liquid
paraffin at ~100 °C. Then, the temperature is gradually raised up to 250 °C, resulting
in CdS shell growth. The gradual heating, allows the successful preparation of highly
fluorescent (florescence quantum yield ~65%) core-shell QDs relatively fast, at the
same time avoiding dissolution and size defocusing of the CdSe cores.
4. Hydrophilization of quantum dots
The QDs, synthesized in a hot organic matrix, have the disadvantage of being
capped with hydrophobic organics, which do not allow their dispersion in aqueous
medium for the biological applications. Further special treatment is necessary to
replace the hydrophobic organic layer with a hydrophilic one [8]. Water-insoluble
QDs can be grown easily in hydrophobic solvents, but the solubilization in water
requires sophisticated surface chemistry alterations and presents a significant
challenge. There are three general strategies for water solubilization of QDs: (i)
ligand exchange, (ii) micelle formation through hydrophobic interaction, and (iii)
silica encapsulation. One should take into account that some types of QDs, such
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as CdTe suitable for biological applications, can be synthesized directly in water
dispersions, however they are less stable and easily undergo aggregation [45–48].
4.1. Ligand exchange
Usually, the QDs synthesized in organic solvents have hydrophobic surface
ligands, such as trioctylphosphine oxide (TOPO), trioctylphosphine (TOP) [2, 43,
66], tetradecylphosphonic acid (TDPA) [3] or various long-chain fatty acids (lauric,
stearic, oleic, etc.) [4, 33, 43, 65, 67]. These hydrophobic ligands could be replaced
by some water-soluble bifunctional molecules, in which the one end is connected
to the nanocrystal surface and the other end is hydrophilic and may also be reactive
to biomolecules. Examples of some water-soluble bifunctional molecules used
are mercaptocarboxylic acids (HS-(CH2) n-COOH, n=1–15) [6, 8, 48, 68, 69], 2aminoethanethiol [68], dithiothreitol [70], dihydrolipoic acid [61], hydrophilic
phosphines [71], peptides [72], neoglycoconjugates with a reactive thiol group [73],
etc. (Fig. 2). The thioglycolic acid (TGA) was used in the first bioapplication of
QDs [6], while recently dihydrolipoic acid (DHLA) is more used, because of its
biocompatibility, lower toxicity and higher stability of the obtained QD-dispersions
in water [61]. However, TGA is widely used to obtain hydrophilic QDs (Fig. 3).
Our experience shows that such TGA-capped QDs can be prepared by extraction
of stearate-coated QDs (synthesized by the hot-matrix method in liquid paraffin,
purified and dispersed in chloroform) with water solution of sodium thioglycolate.
However, the ligand exchange in most cases dramatically decreases the fluorescence
quantum yield of QDs. Also, the thiol-based molecules (e.g. mercaptocarboxylic
acids) may form disulfides over time and come off from the quantum dot surface
and finally the QDs aggregate and precipitate out of water; the other water-soluble
bifunctional molecules are expensive and instable, either.
OH
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H2N

SH

SH

HS
OH
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Fig. 2. Chemical structures of various bifunctional ligands used for hydrophilization of QDs.
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Fig. 3. Schematic representation of a hydrophobic stearate-coated QD (left) and a hydrophilic
QD, coated with thioglycolic acid (right) obtained after ligand exchange reaction. Stearate-coated
QDs can be prepared by hot-matrix synthesis in liquid paraffin (see the text for details).

4.2. Encapsulation in micelles
Phospholipids, such as 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N[methoxy(polyethylene glycol)] or 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
has both hydrophobic and hydrophilic ends. They could encapsulate QDs in the
core by forming oil-in-water micelles through hydrophobic interaction between
their hydrophobic ends and the surface ligands of QDs thus providing waterdispersibility [28]. Recent work reports on the preparation of water-dispersible
QDs, coated with Gemini surfactants [74]. These QDs are biocompatible,
photostable, and suitable for live cell imaging.
A more promising approach is to use amphiphilic polymers to form micellelike structures for transferring the hydrophobic QDs into water [75, 76]. A triblock
polymer, containing segments of poly(butylacrylate), poly(ethylacrylate) and
poly(methacrylic acid), is used to transfer hydrophobic TOPO-coated QDs into
water, in which the methacrylic acid segments were also partially derivatized with
octylamine and PEG-NH2 through a two-step EDC-coupling [76]. The hydrophobic
side chain is directly attached to the hydrophilic acrylic acid segment and interacts
strongly with the hydrophobic tails of TOPO. The strategy of using amphiphilic
polymers is generally superior to the ligand exchange, because:
(i) There is no direct interaction with the atoms on the nanocrystal surface and
therefore can preserve the original fluorescence quantum yield to the highest extent.
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(ii) The large number of hydrophobic side chains on the polymer strengthens
the hydrophobic interaction to form more steadily structures and stable waterdispersible QDs.
(iii) The amphiphilic polymers can be carboxylate or amine functionalized in
order to attach various ligands or biomolecules [77].
Other relatively large organic molecules, such as amphiphilic dendrimers
[78] and amphiphilic hyperbranched polyethylenimine [79], are also used for
hydrophilization and stabilization of QDs in water dispersions.
4.3. Encapsulation in silica
A layer of silica can also encapsulate the fluorescent QDs in order to make them
biocompatible [5, 80]. Functional organosilicone molecules, containing –NH2 or –SH, can
be incorporated into the silica shell thus providing surface functionalities for biomedical
applications. The silanization method includes replacement of the hydrophobic organics
on the nanocrystal surface with mercaptopropyl-tris(methyloxy)silane (MPS). The
methoxysilane groups (Si-OCH3) hydrolyze into silanol groups (Si-OH), which form
siloxane bonds upon heating, thus releasing water molecules. Then, fresh silane precursors,
containing a functional group (F) -SH, -NH2; -PO- (O-CH3), are incorporated into the shell.
The remaining –OH groups are converted in –OCH3 groups; this last step blocks further
the silica growth. This method seems to stand in between the above two strategies, but is
much closer to the ligand exchange. The quantum dot surface changes once introducing
the organosilicone molecules and usually results in a decrease of the fluorescence quantum
yield. The procedures to make a controllable silica coating around the hydrophobic QDs
are complicated. The silica coating needs to be carried out at dilute conditions, which is
a limitation for large quantity production. However, the fluorescence of silanized QDs is
much more stable in comparison with the organic fluorophores [80].
A simple aqueous synthesis of silica-capped, highly fluorescent CdTe
quantum dots is developed [81]. The synthesis of silica shell in this case is carried
out through a modified Stöber method. The photoluminescence studies show
that the silica shell results in greatly increased photostability in tris-borate-eth
ylenediaminetetraacetate and phosphate-saline buffers. To further improve their
biocompatibility, the silica-capped QDs are functionalized with poly(ethylene
glycol) and thiol-terminated biolinkers. Through the use of these linkers, antibody
proteins are successfully conjugated.
Another general method for silica encapsulation in toluene is also reported
[82]. The biocompatible modification and multi-functionalization of QDs has
been carried out through direct reaction of organic silanes on the surface of QDs.
Functionalized QDs, including CdSe/ZnS, CdSe/CdS core/shell and PbS QDs,
have been prepared at a high concentration up to 10-4 M in toluene. Different
organic silanes can be used to prepare various organosiloxane shells.
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5. Bioconjugation of functionalized quantum dots
Various water-dispersible functionalized QDs have been used in both in vitro
and in vivo bioimaging and detection. A number of published review articles
provide excellent overviews about a variety of biomedical applications of QDs [7,
8, 14, 76, 83]. Here, we will summarize the bioconjugation reactions used for the
preparation of functionalized QDs.
5.1. Bioconjugation of carboxyl-functionalized QDs
The bioconjugation reactions involving amino-functionalized QDs are summarized
and represented schematically in Fig. 4. The carboxyl-functionalized QDs are
usually conjugated to biological molecules by using the reaction with 1-ethyl-3-(3dimethylaminopropyl)-carbodiimide (EDC), known as EDC-coupling. EDC is a watersoluble derivative of carbodiimide. Carbodiimide catalyzes the formation of amide
bonds between carboxylic acids or phosphates and amines by activating carboxyl or
phosphate to form an O-urea derivative. This derivative reacts readily with nucleophiles
(usually amine groups). Historically, EDC-coupling was first used to conjugate TGAcoated QDs with transferrin and IgG [6]. Now EDC-coupling is among the most used
techniques for direct conjugation of QDs with various proteins, including antibodies [6,
48, 72, 77, 84], or small biomolecules, such as γ-aminobutyric acid [85].
Antibodies can be conjugated to carboxyl-functionalized QDs by three different
ways (Fig. 4): (i) directly, by covalent attachment via EDC-coupling [6]; (ii)
indirectly, by using streptavidin (or avidin)-coated QDs and biotinylated antibodies
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Fig. 4. Schematic view of some bioconjugation reactions involving carboxyl-functionalized
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[9, 53]; (iii) indirectly, by using a special adapter protein, which is electrostatically
adsorbed on the carboxyl-functionalized QDs (see for more details section 4.4.).
The avidin-biotin and streptavidin-biotin interaction is widely used for conjugation
of QDs to various biomolecules and ligands [72]. Most of the QDs, currently used in
immunofluorescent assays, are streptavidin-coated for interaction with biotinylated
ligands and antibodies. The avidin-biotin and streptavidin-biotin interaction is among
the strongest known non-covalent, specific interaction between protein and ligand. The
bond formation between biotin and avidin is very rapid and, once formed, is unaffected
by wide extremes of pH, temperature, organic solvents and other denaturating agents.
The complex can withstand incubation in 2 M urea and is not significantly affected
by pH values between 2 and 13. Streptavidin is a biotin-binding protein, which has a
molecular weight of ~60,000 Da and consists of 4 subunits. Each subunit is capable of
binding of one biotin molecule. The streptavidin protein has 32 lysine residues and can
be conjugated to various molecules, as well as with QDs, using EDC-coupling. Biotin,
a naturally occurring vitamin with a molecular weight of 244 Da, can be conjugated
to proteins using hydrophobic or hydrophilic linkers with different lengths. Usually
biotinylated antibodies are used as primary antibodies in a sandwich immunoassay for
binding with the streptavidin-QD conjugates. Various applications of QDs-biomolecule
conjugates via biotin-streptavidin interaction are discussed in the next chapters.
5.2. Bioconjugation of thiol-functionalized QDs
Thiol-functionalized QDs can be conjugated to proteins (as well as any other molecules
containing amine groups), using 4-(N-maleimidomethyl)cyclohexane-1-carboxylic acid
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3-sulfo-N-hydroxysuccinimide [81]. The scheme of conjugation reactions is shown in
Fig. 5. First, the linker molecule reacts with the amine to form an amide derivative. Then,
the obtained derivative reacts with a thiol group from the QD-surface to form the QDconjugate.
5.3. Bioconjugation of amino-functionalized QDs
The bioconjugation reactions involving amino-functionalized QDs are
summarized and represented schematically in Fig. 6. The reaction of aminefunctionalized QDs with N-(β-maleimidopropyloxyl)succinimide ester is used for
the conjugation of QDs to ligands, bearing a thiol (–SH) group [77]. For example,
the ligand Deltorphin-II targeting G-protein coupled receptor is successfully
conjugated to amine-functionalized QDs in order to observe the distribution of
human δ-opioid receptors expressed in living cells.
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A reaction involving the EDC reagent is used also as a first stage in the conjugation
of amino-functionalized QDs to oligonucleotides [86]. The 5’-phosphate group of
the oligonucleotides is activated with EDC, followed by a reaction with imidazole to
obtain a reactive phosphorimidazolide derivative. The obtained phosphorimidazolide
derivative reacts with amino-functionalized QDs in order to produce the phosphoramide
conjugate.
One of the first bioapplication of amino-functionalized QDs as fluorescent
biolabels utilizes biotinylated nanocrystals [5]. Biotinylated QDs may be used as
markers attached to different streptavidin (or avidin)-conjugated molecules.

CYTOTOXICITY OF QUANTUM DOTS

As the range of biomedical applications of QDs expands to in vivo
measurements, questions concerning their short and long-term cytotoxicity
are raised. All known studies are focused on the toxic effects of colloidal QDs
dispersed in aqueous solution on cells. The extent of cytotoxicity has been found
to depend upon a number of factors including size, capping materials, color, dose
of QDs, surface chemistry, coating bioactivity and processing parameters (for
detailed review see ref. [87]). Recent reports have indicated that bare CdSe QDs
are indeed toxic to cells [88, 89, 91–99].
A number of mechanisms have been postulated as responsible for QD
cytotoxicity [91,100]. These include:
1. Release of free Cd (II) ions (QD core degradation) [88, 95]. When
appropriately coated, the CdSe-core QDs can be made less toxic and used to track
cell migration and reorganization in vitro.
2. Free radical formation [95,101]. It is proposed that the mechanism for QDinduced cell death involves the generation of reactive oxygen species (ROS) in
the extracellular environment and intracellularly. These ROS can cause plasma
membrane damages and intracellular organelle damages.
3. DNA damage caused by CdSe QDs has been observed under exposure
to UV-light, most probably due to the production of free radicals and reactive
oxygen species [97].
4. QDs, such as CdTe, were found to induce apoptosis in human cells by
affecting various biochemical pathways [93, 96].
5. Cytotoxicity of QDs can be rendered significantly by due nature of the
surface coating material [87, 89]. For example, compounds such as thioglycolic
acid are found to be toxic to a number of cells. For that reason the QDs must be
purified from any excess of a free surface coating ligand, which may have toxic
effects on the living cells.
The reviewed literature suggests that the engineered QDs cannot be considered
a uniform group of substances. QD absorption, distribution, metabolism, excretion,
92

and toxicity depend on multiple factors derived from both inherent physicochemical
properties and environmental conditions; QD size, charge, concentration, outer coating
bioactivity (capping material and functional groups), and oxidative, photolytic, and
mechanical stability have been implicated as determining factors in QD toxicity.
APPLICATIONS OF QUANTUM DOTS IN BIOIMAGING

1. Fluorescence resonance energy transfer (FRET) assays
The fluorescence resonance energy transfer (FRET) represents energy transfer
from a donor to an acceptor, which takes place at small enough distance between
them [20]. As a result, the donor’s fluorescence intensity decreases and that of
the acceptor increases. The first investigation, concerning the QD fluorescence
quenching by FRET, involves attachment of a chromophore (QSY-7) labeled
maltose-binding protein (MBP) and IgG to QDs capped with dihydrolipoic
acid [102]. Later research demonstrated that the gold nanoparticles could act as
fluorescence quenchers in QDs-based FRET sensors [103]. It must be pointed
out that the QD-based FRET-probes are utilized also in gene technology for
investigation of the telomerization dynamics and DNA replication [104].
Recently, advanced QD-based FRET systems for investigation of enzymatic
activity are developed, providing easily controlled FRET efficiency, as well as
data about the enzymatic velocity, Michaelis–Menten kinetic parameters, and the
mechanisms of enzymatic inhibition [105,106]. The QDs-FRET-based enzymatic
activity probes are used to determine the activity of collagenase in solution [107].
In this study, rhodamine-labeled peptide-coated CdSe/ZnS QDs are synthesized
and used as FRET probes to monitor the proteolytic activity of extracellular matrix
metalloproteinases (MMPs) in normal and cancerous cell cultures. Taking into
account that the MMPs activity in breast cancer cultures is significantly higher
compared to normal cells, it is possible to distinguish a normal and cancerous
tissue in less than 15 min by using this FRET assay.
2. Cell tracking during embryogenesis
The cell tracking during embryogenesis is an extremely important topic in
developmental biology, where the QDs have been used as fluorescent labels with
superior photostability. In a pioneering study, highly fluorescent QDs have been
encapsulated in phospholipid micelles and used to label individual blastomere
cells in Xenopus embryos [28]. These encapsulated QDs are stable in vivo, do not
aggregate and are able to label all cell types in the embryo. At the levels required
for fluorescence visualization (2×109 QDs/cell), the QD-micelles are not toxic to
the cells, but concentrations higher than 5×109 QDs/cell produce abnormalities.
The QDs are confined to the injected cell and the respective daughter cells.
Interesting translocation of the QDs to the cell nucleus is observed at a particular
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stage in the embryo development. Recent studies report the use of QDs on the
Xenopus embryo development to image mesoderm migration in vivo with single
cell resolution and provide in vivo quantitative data regarding the migration rates
[108]. Fluorescent labelling of cells with QDs is also applied in studies of the
Zebrafish embryo development [109].
3. Labeling of cell surface receptors
Ligand-conjugated QDs are first used to label cell surface receptors in 2002
[110]. It is demonstrated that serotonin-capped QDs interact with the serotonin
transporter protein in transfected HeLa cells and oocytes in vitro. A serotoninlinker arm ligand is synthesized and used to modify the QDs. It is found that
the serotonin-modified QDs inhibit the serotonin transport activity in transfected
cells. More recently, new high-affinity ligands for serotonin transporter protein are
created, which are then conjugated to QDs (functionalized with -COOH groups)
through EDC-coupling [111,112].
QDs are used to track the individual glycine receptors and analyze their
lateral dynamics in the neuronal membrane of living cells [113]. This receptor is
the main inhibitory neurotransmitter receptor in the adult spinal cord. The issue
of lateral mobility of the receptors for neurotransmitters has become central to
understand the development and plasticity of synapses. The properties of QDs
make it possible to record the mobility of individual molecules at the neuronal
surface, even in confined cellular compartments.
A practical method is reported for generating water-soluble QDs and the
necessary chemistry for covalently coupling them with ligands targeting Gprotein coupled receptors (GPCRs) [77]. GPCRs constitute a large and diverse
family of proteins, whose primary function is to transduce extracellular stimuli
into intracellular signals. Since 50 % of the pharmaceuticals target GPCRs, new
methods for the imaging of GPCRs at the cell surfaces are of interest. As a proof
of principle, the QDs are chosen to target the human melanocortin and δ-opioid
receptors. It is demonstrated that the QDs could be used for effective imaging
of melanocortin receptors. It is also demonstrated that the QDs, conjugated to
Deltrophin-II analogs, could be utilized for the selective imaging of δ-opioid
receptors on the cell surfaces and for single molecule imaging.
Recent reports describe the development of QD-based probe for fluorescent
detection of apoptosis [114]. The QDs are conjugated to Annexin V for specific
targeting of apoptotic cells. For that purpose, streptavidin-conjugated QDs are
coupled to biotinylated Annexin V, a protein that specifically recognizes and binds
to phosphatidylserine moieties present on the outer membrane of apoptotic cells
and not on healthy or necrotic cells. This makes the QDs excellent candidates to
continuously follow the fast changes occurring at the membrane of apoptotic cells
and facilitates the time-lapse imaging as they alleviate any bleaching issue. The
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investigation of molecular events that take place during apoptosis is extremely
important for understanding the programmed cell death, which is usually disrupted
in cancer cells and represents a major problem.
4. Immunofluorescent bioimaging
The application of QDs in immunofluorescent detection is demonstrated
with one of the two first bioimaging applications of QDs in 1998 by conjugating
TGA-capped QDs with IgG by EDC-coupling [6]. In this study, antibodyinduced agglutination of QDs, conjugated to human IgG, is clearly observed
for the first time. This “proof of principle” paved the way for further research
and improvements of the QDs applications in immunofluorescent labeling [29,
72,115–119]. The reactions for conjugation of QDs to antibodies are discussed in
section 2.5. Streptavidin-coated QDs are found as the most suitable ones, because
they can be easily conjugated to different commercially available biotinylated
antibodies. The QD-antibody conjugate can be used for immunofluorescent
bioimaging by two general approaches. In the first approach, a streptavidin-coated
QD is conjugated to a biotinylated primary antibody, which recognizes directly
the targeted antigen. The second approach for a QD-mediated labeling of antigens
involves secondary and primary antibodies. The primary antibody targets the
antigen, and is then recognized by a biotinylated secondary antibody, which binds
a streptavidin-coated QD (Fig. 7).

QD

QD

secondary antibody
primary antibody
antigen
cell membrane

Fig. 7. Schematic representation of the application of QDs for immunofluorescent bioimaging
using biotinylated primary antibody (left) or a combination of a primary antibody and a
biotinylated secondary antibody (right).
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5. In vivo imaging
Fluorescent QDs are used for whole body imaging, however relatively little work
is done due the potential for toxicity of QDs [10, 12, 76,120-122]. It is worth noting
that successful labeling of lymph nodes in pigs is achieved by using NIR-emitting
QD-probes [123]. This strategy may be useful for successful surgical resection
of lymph nodes containing metastatic cancer cells. A number of complications
exist with the QD imaging in animals due to the absorbance and scatter of light
by the tissues, as well as observation of autofluorescence upon their excitation.
This may be partially overcome by using QDs that emit in the near infrared region
(700–1000 nm) [108,120,122]. Another barrier to use in vivo QDs is the extensive
reticuloendothelial uptake of QDs introduced into the bloodstream [121].
Multifunctional nanoparticle QD-based probes for cancer imaging in living
animals are also developed [76]. The structural design involves encapsulation of
luminescent QDs with an ABC triblock copolymer and linking of this amphiphilic
polymer to tumor-targeting ligands. For active tumor targeting, antibodyconjugated QDs are used to target a prostate-specific membrane antigen (PSMA).
Immunocytochemical studies of QD-PSMA Ab binding activity in cultured prostate
cancer cells confirmed PSMA as a cell surface–specific marker for some prostate
cancer cell lines, like C4-2 cells. In vivo targeting studies of the human prostate cancer
growing in nude mice indicate that the QD-probes accumulate at the tumors both
by the enhanced permeability and retention of tumor sites and by antibody binding
to cancer-specific cell surface biomarkers. Using both subcutaneous injection of
QD-tagged cancer cells and systemic injection of multifunctional QD-probes, the
authors have achieved sensitive and multicolor fluorescence imaging of cancer cells
under in vivo conditions. These results raise new possibilities for ultrasensitive and
multiplexed imaging of molecular targets in vivo.
The tumour vasculature plays an important role in determining the tumour
pathophysiology and drug delivery. Angiogenesis, the formation of new blood
vessels from preexisting vasculature, is essential for the tumor growth and
progression. Integrin αVβ3, which binds to arginine-glycine-aspartic acid (RGD)containing components of the interstitial matrix, plays a key role in the tumor
angiogenesis and metastasis. It is significantly upregulated in invasive cancer cells
but not in normal tissues. The in vivo targeting and imaging of tumor vasculature
using RGD peptide-labeled QDs is reported [122]. Athymic nude mice, bearing
subcutaneous U87MG human glioblastoma tumors, are administered QD-RGD
intravenously. The tumor fluorescence intensity reaches a maximum at 6 h post
injection with a good contrast. The reported results open up new perspectives for
integrin-targeted near-infrared optical imaging and may aid in cancer detection
and management including imaging-guided surgery.
The in vivo applications of QDs are limited from several factors. First,
the QDs, including their capping materials, may be immunogenic, which may
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result in acute immune response as well as massive uptake of QDs by the
reticuloendothelial system. Second, the QD core material, as well as the capping
organics, may be toxic to the organism or individual cells. Third, the size of QD
complexes precludes renal excretion, making clearance from the blood stream
unlikely. This may increase the QDs uptake by the liver, which may result in a
dangerous hepatic toxicity. Taking into account these serious barriers against the
in vivo applications of QDs, it is clear that the QD-based fluorescent probes may
be more useful for in vitro assays.
6. Applications of quantum dots in cancer cell research
Attempts for fluorescent in vivo imaging of cancer cells are reported [76,
90,124]; some of them are described in the previous section. Also, there are
many reports concerning the in vitro fluorescent labelling of cancer cells by
using antibodies and other targeting ligands [125–128]. Here, we shortly describe
representative examples of these latter cases.
The epidermal growth factor receptor (EGFR) can be a molecular marker
for cancerous cells. It is expressed ubiquitously in cells and is overexpressed in
human malignancies including breast cancer, glioma and lung cancer, making it a
promising biomarker. A successful direct targeting of EGFR with QDs, conjugated
to anti-EGFR antibodies, is carried out and compared to appropriate controls
[125]. Also, QD-lectin conjugates are synthesized and applied for identification of
leukemia cells from normal lymphocytes using fluorescent confocal microscopy
and flow cytometry [126]. The results are compared with commercially available
FITC-lectin. Lectins are found to possess a high affinity to several leukemia cell
lines, without or with low affinity to normal lymphocytes. The results clearly
demonstrate that the QD-lectin conjugates are appropriate fluorescent markers
for identification of several leukemia cell lines. It is found that the QD-lectins
give higher quality images and possess higher stability against photobleaching in
comparison with the commercially available FITC-labeled lectin.
7. Fluorescent labeling of colloidal drug carriers
Nanosized drug carrier systems like liposomes, polymer nanoparticles, and
solid-lipid nanoparticles have been optimistically considered as “magic bullets”, not
only because a wide range of biologically active substances can be encapsulated and
targeted to the desired site of action, but also because they can be injected into human
or animals without adverse effects [129]. The fluorescent labeling of these nanosized
carriers offers a possibility to gain an insight into the mechanisms of their interaction
with the biological cells and tissues by visual tracking of the labeled nanoparticles
[130, 131]. The QDs can serve as highly effective fluorescent markers for such
a purpose. For example, a relatively simple approach is reported concerning the
efficient encapsulation of CdSe QDs in liposomes, which are stable in biocompatible
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water buffer [132]. The stable liposome-encapsulated QDs could be used as bright
fluorescent labels in biological applications, involving the conjugation of biomolecules
such as enzymes, antibodies, and DNA molecules to the liposomes.
Another report considers the preparation of polylactide (PLA) particles,
loaded with fluorescent QDs [133, 134]. In this study, CdSe QDs are encapsulated
in PLA particles and studied in vitro and in vivo. The PLA-coated QDs are waterdispersible and highly fluorescent – the fluorescence is stable in aqueous solution
for more than 30 days. The results obtained in the course of this investigation
clearly demonstrate that the PLA-encapsulated CdSe QDs have a high potential
for biological labeling and diagnostics.
Poly(alkylcyanoacrylate) (PACA) nanoparticles are considered as ones of the most
promising polymer carriers for drug delivery [135]. The poly(alkylcyanoacrylates) are
biocompatible, biodegradable and relatively non-toxic. These advantages make them
appropriate materials for biocompatibilization of QDs. Highly fluorescent CdSe/CdS
core-shell QDs are embedded into poly(butylcyanoacrylate) nanoparticles in order to
prepare novel fluorescent nanocomposite particles for bioimaging applications [136].
The investigations with fluorescent microscopy allow the successful visual tracking of
the QD-labeled polymer particles in the course of their interaction with biological cells.
A recent report considers the development of a new strategy to prepare folatedecorated nanoparticles of biodegradable polymers for QDs encapsulation, targeted
and sustained imaging of cancer cells [137]. Copolymers of poly(lactide)-vitamin
E are synthesized, which are then blended at various weight ratios to make QDsloaded nanoparticles, which are further decorated with folate for targeted and
sustained imaging. This study shows that the QDs formulated in folate-decorated
nanoparticles are feasible for targeted imaging. These QDs improve imaging
specificity and sensitivity with reduced side effects of QDs to normal cells.
Taking into account the above-mentioned examples, one can conclude that
the fluorescent labeling of colloidal drug carrier systems with QDs could open a
possibility to investigate the mechanisms of carrier-cell interactions, penetration
and localization of the colloidal particles in various biological cells.
CONCLUSIONS

The applications of quantum dots as a novel generation of fluorescent markers
for bioimaging may provide important information about the mechanisms of
interactions between the biological cells and nanosized materials. They can
be especially important in the cases, where a long-term imaging and a high
photostability of the fluorophore are required. The quantum dots may be useful
also for imaging in the near infrared region, as well for visual tracking of single
molecules and investigation of complicated biological processes, such as embryonic
development. However, one should take into account the possible toxic effects of
quantum dots or their coating material on the living cells and organisms. The
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recent advancements in development of non-toxic and biocompatible quantum
dots reveal a great possibility for extension of the exciting biological applications
of these nanoparticles. It is expected that the quantum dots will increase our
knowledge about the molecular mechanisms of many biological processes and will
be important tools in fluorescent diagnosis of cancer and other severe diseases.
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1

Abstract. The strong influence of surfactants on foam film drainage has been quantified
by the Marangoni stress. This paper reviews and experimentally validates the theoretical
developments aimed to describe the Marangoni effect on foam film drainage. They have been
presented by four models, namely, 1) the Scheludko model developed on the basis of the StefanReynolds lubrication theory for liquid films confined between plane-parallel solid surfaces, 2)
the model of Radoev, Dimitrov and Ivanov (RDI model) for foam films confined between
partially mobile plane-parallel gas-liquid surfaces under the Marangoni stress generated by
adsorbed surfactants, 3) the model of Ruckenstein and Sharma (RSh model) for foam films
with surfaces wrinkled by capillary waves, pumping out peristaltically the liquid to the film
periphery, thus causing faster drainage, and 4) the model of Manev, Tsekov and Radoev
(MTR model) for foam films with surfaces corrugated by quasi-stationary inhomogeneities
in the local film thickness which reduce the hydrodynamic resistance and accelerate drainage
Experimental data on foam film drainage stabilized with nonionic surfactants, imposing
variety of different experimental conditions were compiled and used in validating the models.
A systematic validation based on the statistical level of uncertainty of the model predictions as
compared to the experimental results was preformed. The experimental data were collected for
foam films containing hexaethyleneglycol monododecyl ether (C12E6). The test on the model
kinetic equations confirmed their validations reported in the literature. Thus, the applicability
of each one of the models to different experimental conditions of film drainage was specified.
Ultimately, it was concluded that thin film drainage is a complex phenomenon, which should
be studied further by different experimental techniques and modelling approaches.
Key words: foam film drainage, thin liquid films, Marangoni effect, surfactants.
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1. INTRODUCTION

Thin liquid films (TLF) have been widely studied [1-4]. It was established during
the past century that “Scheludko-Exerowa cell” is an efficient and productive model
for studying properties, behaviour and stability of dispersion systems [1, 5, 6].
Disjoining pressure acting between the film surfaces was experimentally determined and validated against the DLVO theory [7, 8]. Other properties of film
surfaces and the kinetics of film thinning were also studied and modelled using the
microinterferometric method [9–25]. These important studies were focussed on the
effect of the mechanical properties of the film surfaces (e.g., the Marangoni stress,
the surface diffusivity and the surface viscosity), the film geometry, and the type and
concentration of surfactants and electrolytes on the film drainage and stability.
A number of developments have been introduced in the theory of foam film
drainage during the last century. For example, Scheludko [26] applied the StefanReynolds equation [27, 28] to describe the film drainage. He considered plane
parallel rigid and tangentially immobile surfaces of the film due to the Marangoni
effect produced by the surface tension gradient. It was established that this assumption is valid for foam films with small radii (below 0.05 mm)[20, 29, 30].
Furthermore, Radoev et al. [31, 32] developed the theory by considering mobile
film surfaces. According to this model, the velocity on the film surfaces is a result
of the combined effects of the liquid outflow, Marangoni effect, and surfactant
adsorption. Later, Radoev et al. [11] included the effect of the surface diffusion on
the interfacial velocity. Manev [33] observed experimentally that the increase in
the film radius correlates with the film thickness fluctuations, which accelerate the
film drainage. Analytical solutions for the limiting cases of small and large deformation of the bubble caps were also obtained by Ivanov, Dimitrov, Somasundaran
and Jain [34]. The evolution of thin film with dimple was analytically obtained by
Tsekov and Ruckenstein [35]. Empirical equations along with numerical solutions
on film thinning between approaching drops were obtained by Davies, Schoneberg and Ralison [36] and Jeelani and Hartland [37].
The influence of the thickness fluctuations on the film drainage has been modelled by Manev et al. [20] and Tsekov [30, 38]. In these models the film surfaces
are assumed fully immobile.
These theoretical models are valid for nonionic surfactants and are based on
the lubrication and steady-state approximations valid at very small Reynolds and
Peclet numbers [39]. Contribution to the theory was the introduction of the effect
of surface viscosity on the film drainage firstly by Ivanov and Dimitrov and later
re-established by Karakashev and Nguyen [40, 41]. However, the surface viscosity appears to be less important when the Marangoni effect is dominant for typical
surfactant systems even with low concentrations.
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Moreover, experiments preformed by Manev [42, 43] established that the
thinning rate of films with radius larger then 50μm is inversely proportional to the
film radius raised to the power 4/5, instead of power 2, as in the Stefan-Reynolds
equation. This problem was analysed in different ways in the literature. Malhotra
and Wasan [44] attributed the experimentally established dependence to the modulation of the pressure distribution in the adjacent meniscus by the film drainage,
while Ruckenstein and Sharma [15] tried to explain it with the peristaltic action of
surface hydrodynamic waves, formed during the film drainage and derived analytical kinetic equation (containing an empirical term). The problem was attacked
from a different angle by Manev, Tsekov and Radoev [20], who assumed that
quasi-stationary steady and static thickness inhomogeneities are the driving force
for the faster film drainage. They solved the problem analytically and obtained
another kinetic equation for the film drainage. All the above works assume tangentially immobile film surfaces.
With the development of computers, the general differential equation for
drainage of films with deformable surfaces was solved numerically in number of
works (e.g. [45–48]). Thus the corrugation of the film surfaces was explained [46,
47] later with formation of surface instability caused by the Marangoni effect.
Numerical simulation of this instability causing asymmetric drainage of foam film
was performed by Joye, Hirasaki and Miller [46, 47]. They indicated that asymmetric film drainage is faster than the axisymmetric, i.e. non-planar foam films
drain faster than the planar ones. Valkovska and Danov [49] included an electrical
term into the bulk pressure stress tensor and the electrostatic potential into the
film, thus making the theory valid for ionic surfactants. Due to the complexity of
the problem the differential equations were solved only numerically.
The above scrutiny on the literature shows that surfactants adsorbed at the
film surfaces play the critical role in foam film drainage. In many cases, the effect of surfactant adsorption can be sufficiently accounted for by considering the
Marangoni stress. The available theories for the Marangoni effect on foam film
drainage can be represented by four characteristic models specified as follows:
1. The model of Scheludko [10, 50] which is based on the Stefan-Reynolds lubrication theory [51]. A capillary “squeezing” force presses the film surfaces towards
each other. The surfaces are assumed to be planar, rigid and tangentially immobile.
2. The model of Radoev, Dimitrov and Ivanov (RDI) [11]. The film drainage
driven by the capillary pressure is controlled by the mobile but planar rigid film
surfaces. The mobility of the film surfaces depends on the Marangoni stress, surface diffusion and surfactant adsorption.
3. The model of Ruckenstein and Sharma (RSh) [15]. The capillary pressure pushes the two immobile film surfaces towards each other. The surfaces are
wrinkled by capillary waves pumping the liquid out peristaltically towards the
film periphery, thus making the film draining faster.
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4. The model of Manev, Tsekov and Radoev (MTR) [20]. The capillary force
presses immobile film surfaces, which are corrugated by quasi-stationary inhomogeneities in film thickness which reduce the hydrodynamic repulsion between the
film surfaces and, therefore, make the film draining faster.
These models do not account for the dynamic effects produced by the electrical double layer, which can arise in TLF with ionic surfactants. For this reason,
non-ionic surfactants are used for stabilizing the foam films here.
The aim of this paper is to review these four milestones on the way to further
development of the theory. They are also critically validated using the experimental results obtained with a number of non-ionic surfactants.
2. FOAM FILM DRAINAGE THEORIES

The key considerations and assumptions used to establish the foam film drainage theories can be summarised as follows [39]:
– The use of a cylindrical coordinate system simplifies the film geometry
(Figure 1).
– The liquid is an incompressible Newtonian fluid.
– The pressure within the gas phase is constant.
– The viscous forces dominate over the inertial forces, which are neglected.
– The local variation of film thickness with radial coordinate is weak,
i.e. ∂h / ∂r << 1 .
– The lubrication approximation is assumed, i.e., (h0 / R0 ) << 1 , where h0
is the initial thickness at the film centre and R0 is the film radius (the Reynolds
number << 1).
– The rate of liquid outflow is lower than the rate of mass diffusion (the Peclet
number << 1). The convective and time derivative terms in the film mass balance
equation are neglected. This is the so-called “quasi-steady” approximation, imposing that the time dependences of all quantities can be expressed through the
thickness h alone.
– The surfactant adsorption layers on the film surfaces are close to equilibrium.
– The effect from the surface viscosity is negligible compared to the Marangoni effect.
All of the above assumptions lead to a simplified system of differential equations solvable analytically with appropriate boundary conditions [4, 39] as follows:
– Radial component of the Navier-Stokes equation with omitted convective
and time derivative terms.
– Normal component of the Navier-Stokes equation in the lubrication approximation: ∂P / ∂z = 0 .
– Continuity equation, mass balance equation in the film with omitted convective and time derivative terms.
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– Mass balance equation on film surfaces and tangential stress boundary
equation with omitted surface viscosity term.
The solutions of the governing equations are then used to calculate the total
drag force on the film surfaces, which is the response of the film to external force
pushing the bubbles towards each other. In the case of the Scheludko-Exerowa
experimental methodology [1], this applied pressure is equal to the sum of the
Figure 1. Evolution of a foam film in
time (top left to right down).
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capillary pressure and the (total) disjoining pressure. Each of the four representative models are described below.
2.1 The Model of Scheludko [10, 39, 50] Based on the Stefan-Reynolds Theory
The classical lubrication theory of Stefan and Reynolds [27, 28] focused on
the kinetics of thinning of liquid films, confined between two parallel flat solid
discs, compressed by an external force. The thin liquid films between the bubbles
and/or oil droplets exhibit certain similarities to the Stefan-Reynolds assumptions
during their drainage, viz., they have a cylindrical shape; their surfaces can be
planar at small radii (less than 50 μm [42]); their surfaces become stagnant by
the Gibbs elasticity values larger than 2 mN/m, which is fulfilled for most surfactants, starting from their diluted aqueous solutions [10]. Bearing in mind all these
features, Scheludko adopted the Stefan-Reynolds theory and applied it to liquid
films between fluid phases [10, 50]. The final formula about the velocity of film
drainage, derived after solving the simplified system of the Navier-Stokes and
continuity equations with the assumption that the drag force equals the external
pressing force is given as

VRe = −

dh
2h 3
=
(Pσ − Π )
dt 3μR 2f

(1)

where VRe is the velocity of drainage, h is film thickness, t is time, μ is the bulk
kinematic viscosity, R f is film radius, Pσ = 2σ / RC is capillary pressure, σ
is surface tension, RC is the radius of the capillary tube ( see Figure 1), and Π
is the total disjoining pressure. This is the first theory applied to thin liquid film
drainage but as mentioned above, it is valid for film radii less then ca. 50 μm,
where the films are nearly planar [42]. Experimentally[43, 50, 52, 53] it is proved
that the real rate of drainage V is greater than that theoretically predicted by Eq. ,
due to the deviations of the real TLF from the conditions required by the model.
Deviations from the Stefan-Reynolds equation due to tangential surface mobility were theoretically predicted and experimentally established [31, 43, 54, 55].
It is shown that the gradient of concentration (respectively the surface tension
gradient) which can slow down or even to stop the flow on the surface is partially
compensated by bulk [31] or surface diffusion [39, 56]. As shown in [57], the influence of the solution composition (the type of surfactant, a mixture of surfactant
and their concentration) on the time of thinning was significant. It was found to be
substantially affected by surface tension, surface dynamic viscosity and surface
elasticity. Any deviation from the planar shape of the film originates dimple in
its centre. The problem of the dimple formation and its evolution with the time
was treated theoretically in a number of studies [58–60]. In the earlier studies it
was assumed that the dimple in the foam films decreases and even disappears at a
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smaller thickness. More recent investigations [20, 61] show however that the film
thickness inhomogeneity persists to the critical thickness. The film inhomogeneity
increases strongly with the film radius. It is shown in Ref. [42] that the StefanReynolds drainage equation is only applicable for films with diameter of up to 0.1
mm. The hydrodynamic regime of thinning becomes more complicated for films
of larger radii.
2.2 The Model of Radoev, Dimitrov and Ivanov (RDI) [11]
This drainage model assumes planar and mobile film surfaces being controlled
by the Marangoni stress, surface diffusion and adsorption of surfactant molecules.
The final expression for the velocity of film drainage can be described as [11]

V =−

dh
2h 3
=
(Pσ − Π ) f
dt 3μR 2f

where f = 1 +

6D f μ
hEG

(2)

is the mobility factor. Here, EG = − d σ / d ln Γ is the

Gibbs elasticity, which governs the Marangoni stress and, therefore, controls the
mobility of the film surfaces.
Dh dC
In the equation for the mobility factor, D f = DS +
is an effective

2 dΓ

film diffusion coefficient. Here, DS and D are the surface and bulk diffusion coefficients of the surfactant molecules, respectively, and d Γ / dC is the first derivative of the adsorption regarding the surfactant concentration, known as the adsorption length. The surface tension isotherm is usually measured to derive the value
of the capillary pressure, the Gibbs elasticity and the adsorption length. However,
the values of DS and D are usually unknown. Moreover, it is known that the
effect of DS on the drainage velocity is significant. There is no experimental way
to reliably determine DS . Therefore, in this paper a simulation approach is taken
for estimation of these two parameters.
The surfactant molecule with the hydrophilic and hydrophobic parts is assumed
with cylindrical shape. Its length, L, can be calculated via the HyperChem software
for quantum chemistry and MD simulations. In this way, for SDS (sodium dodecyl
sulphate) molecule as an example, we obtained LSDS = 1.76 nm for the molecular
length and d = 0.137 nm for the distance between two methylene groups.
The bulk diffusion coefficient depends on the shape and size of molecules,
bulk viscosity and temperature. For cylindrical molecules it can be expressed by:

D=

k BT
⎛L⎞
ln ⎜ ⎟
3πμL ⎝ d ⎠

(3)
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where k B is the Boltzmann constant, T is temperature, L is the length of the cylinder and d is its diameter. The calculated bulk diffusion coefficient for SDS agree
with the measured value DSDS = 6 × 10−10 m 2 /s [62, 63]. Knowing DSDS for SDS
molecules, the bulk diffusion coefficient of other surfactants can be calculated as

D = DSDS

ln (L / d )
LSDS
L ln (LSDS / d SDS )

(4)

Regarding the surface diffusion coefficient, DS , it can be calculated from the
bulk diffusion coefficient as Ds = 1.5 D [64].
The RDI model should be valid for small films, i.e., R f ≤ 50μm , because
larger films are usually not plane-parallel [11, 39, 65, 66]. If the film surfaces are
very rigid, the Gibbs elasticity becomes significantly large and the RDI model
reduces to the Scheludko model.
2.3 The Model of Ruckenstein and Sharma (RSh) [15]
This drainage model was developed based on the experimental findings of
Manev [42, 52] which show that foam films usually thin faster than the StefanReynolds prediction. The model assumes tangentially immobile film surfaces,
wrinkled by capillary waves which move from the film centre towards its periphery, thus peristaltically pumping out the liquid from the film centre faster.
Ruckenstein and Sharma [15] introduced the van der Waals disjoining pressure in
the tangential and normal components of the Navier-Stokes equations. No electrostatic disjoining pressure was considered by the authors. The film thickness heterogeneity was introduced by the substantial time derivative of the film thickness
as dh / dt = ∂h / ∂t + vr ∂h / ∂r , where vr is radial velocity of the liquid outflow.
This stipulates a weak variation of the local film thickness over the film surfaces.
In addition, a balance between the local capillary pressure and the pressure in the
film at the film surface, p = − (σ / 2 )∂ 2 h / ∂r 2 , was made. Due to the fact that the
capillary waves are naturally periodical, the pressure in the film should be periodically decaying function of the radial coordinate. It is assumed that the capillary
waves oscillate around the average film thickness, which leads to two governing
differential equations: the first one for the rate of thinning of a foam film with the
average thickness (same as the Stefan-Reynolds model) and the second one for
the oscillation of the local film thickness around its average value. The van der
Waals disjoining and the local capillary pressures play significant roles in this
model equation. The solution of this second differential equation illustrated the
existence of decaying and growing surface waves, moving from the centre toward
the periphery of the film. The authors introduced an empirical correction for the
solution of this equation [38], using a characteristic wavelength of the surface
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waves. The wavelength is equal to the maximum radius ( R f = 50μm ), at which
the film still can be plane-parallel [42]. An empirical equation for the amplitude,
εt , of the inhomogeneity as a function of the film radius was introduced to exploit
the experimental data obtained by Manev [42] as

εt = 797 R 0.25
− 209
f

(5)

where the film radius Rf is given centimetre and the amplitude εt is in Å. In this
model, the wavelength ( λ = 50 μ m ) and the amplitude of the surface waves do
not vary during the film drainage, while the frequency decays as follows:

ω
ω=

3π
3π
λ

3 R f dh
2 h dt

(6)

However, the experimental findings by Karakashev et al. [67] who studied
foam film surface waves with high speed line-scan camera microscopy indicated
that both the wavelength and frequency change during the film drainage. In addition, the film wavelengths measured are in the range of 50–120 μm [67] and to
some extent contradict to the stipulations of the RSh model. This does not mean
that the model is wrong. Only validation with experimental data, as it is done in
this paper, can justify or reject the validity of the RSh model. After estimating the
contributions of the different terms in the general differential equation, the following equation for the drainage velocity was obtained:

⎡
⎛ Rf
2h 3
dh
1
7.35
V =−
=
P
−
Π
+
(
)
⎢
⎜
σ
dt 3μR 2f
⎝ λ
⎣⎢

⎞ ⎛ εt
⎟⎜
⎠⎝ h

⎞⎤
⎟⎥
⎠ ⎦⎥

(7)

−5
where λ = 5 × 10 m is the characteristic wavelength of the thickness inhomogeneity. Finally, it is noted that the surface waves in this model are generated by the
liquid outflow during drainage and are suppressed by the hydrodynamic and other
repulsions between the film surfaces. This model should be valid for foam films
with rigid film surfaces and was compared with experimental data [15, 68]. It was
shown that the RSh model agrees well with the experimental data when the radii
of the films are in the range from 40 to 450 μm.

2.4 The Model of Manev, Tsekov and Radoev (MTR) [20]
At the first glance this model appears equivalent to the RSh model as far as
it stipulates immobile and deformable film surfaces. However, the MTR model is
different. The model derivation starts with the general differential equation giving the speed of film evolution with deformable surfaces [20, 39]. The normal
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force balance for a nearly flat thin liquid film ( (∂H / ∂r ) << 1 ) is expressed as
p = − (σ / 2 )∂ 2 H / ∂r 2 − Π (H ) . The local film thickness, H, is assumed to be a
homogeneous function of the average film thickness, h, expressed as
2

H =h

∂H
∂h

(8)

In the MTR model, the surface corrugations are static rather than running
waves as considered in the RSh model. The solution of the governing differential
equation for the wave number of the capillary waves is given as

k=

2π
Π′
Π′2 24 μV
=
+
+
λ
σ
σ2
σ h4

(9)

Equation (9) shows that the there is a steady-state capillary wave, which
changes slowly during the film thinning. The drainage rates close to and far from
equilibrium present two important limits. At equilibrium the velocity of film drainage is zero and hence

λ=

2π
2Π′ / σ

(10)

which corresponds to the Scheludko critical wave [10]. When the film is far from
equilibrium and relatively thick, Eq. (9) reduces to
1/4

⎛ σ h4 ⎞
λ = 2π ⎜
⎟
⎝ 24 μV ⎠

(11)

Equation (11) shows that the wavelength decreases with the film drainage and
the theoretical wavelength is of the same order of magnitude as the experimental
data [67]. With the existence of variable wavelength, this model differs from the
RSh model, which stipulates a single (constant) wavelength. When substituting
VRe for V into Eq. (11) and following the mathematical procedure given in [20],
one obtains the critical radius of the foam film (about 40 μ m ), below which the
film becomes planar and follows the Stefan-Reynolds model for drainage. The
latter was confirmed by the experimental data [42]. Integrating the general driving
differential equation yields the final equation of the film drainage as [20]
1/5

8
12
dh 1 ⎛ h (Pσ − Π ) ⎞
=
V =−
⎜
⎟
⎟
dt 6 μ ⎜⎝ 4σ 3 R 4f
⎠
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(12)

Similar to the RSh model, the MTR model is valid for foam films with any
radii and immobile film surfaces and was compared against experimental data
[22, 30, 68].
2.5 The Disjoining Pressure
The disjoining pressure is an important parameter for thin liquid films. Approximate equations are not universal and are not used in this paper. Instead, the
advanced models for both electrical double layer and van der Waals components
of the disjoining pressure are described below.
The electrostatic disjoining pressure Πel is obtained by numerically solving
the Poisson-Boltzmann equation employing appropriate boundary conditions at
the film surfaces. Under the condition of constant surface potential, the numerical
solution of the non-linear Poisson-Boltzmann equation can be semi-analytically
represented as [69]

y
1
⎛ y ⎞⎧
⎫
Π el (h) = 32cel Rg T tanh 2 ⎜ 0 ⎟ ⎨
+ f ( y0 )sinh 2 0 exp[− f ( y0 )kh]⎬(13)
4
⎝ 4 ⎠ ⎩1 + cosh κ h
⎭
where Rg is the universal gas constant, cel is the molar concentration of electrolytes
in the solution, T is the absolute temperature. The Debye constant for a binary elec-

{

}

2 2
trolyte of valence z is defined as κ = 2cel F z / (εε 0 Rg T )

1/ 2

, where ε0 is the di-

electric permittivity of the vacuum. The normalized surface potential is defined as
y0 = zFψ s / (Rg T ), where F is the Faraday constant and ψs is the surface potential.
For y0 ≤ 7 , the function f ( y0 ) is defined as f ( y0 ) = 2cosh(0.332 y0 − 0.779) .
Under the condition of constant surface charge, the exact numerical solution to the
Poisson-Boltzmann equation gives [69]:
2cel Rg TA
Π el (h) =
(14)
[cosh(κ hC ) − 1] 1 + B 2 coth (κ hC / 2)
The model constants in Eq. (14) are functions of the surface potential, y0, at infinite separation (i.e., the single air-water surface) which are described for y0 ≤ 5

(

2

3

as follows: A = BC sinh 1.854 y0 − 0.585 y0 + 0.1127 y0 − 0.00815 y0

(

B = 0.571 y0 exp −0.095 y0

1.857

) and C = 1 − 0.00848 y

0

4

),

.

The van der Waals disjoining pressure, ΠvdW, as a function of the film thickness, h, for both the non-retarded and retarded regimes can be described as [70]

Π vdW = −

A (h, κ )
1 dA (h, κ )
+
6π h3
12π h 2
dh

(15)
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where А(h,κ) is the Hamaker-Lifshitz function, which depends on the film thickness and the Debye constant, κ, due to the electromagnetic retardation effect and
is described as
3k T
A (h, κ ) = (1 + 2κ h )e −2κ h B
4

∞

∑
j =1

2
2
⎛ ε −ε ⎞
3 ω (n1 − n2 )
j −3 ⎜ 1 2 ⎟ +
3/2
16 2 (n12 + n22 )
⎝ ε1 + ε 2 ⎠
2

2j

q
⎪⎧ ⎛ h ⎞ ⎪⎫
⎨1 + ⎜ ⎟ ⎬
⎪⎩ ⎝ λ ⎠ ⎪⎭

−1/ q

(16)

where ε1 is the static dielectric permittivity of the dispersion phase (2.379 for
toluene at 298.15 K), ε2 is the static dielectric permittivity of the disperse medium
(80 for water),
= 1.055 × 10-34 Js/rad is the Planck constant (divided by 2π),
ω is the absorption frequency in the UV region – typically around 2.068 × 1016
rad/s for water, n1 and n2 are the characteristic refractive indices of the dispersion
phase and the medium: n12 = 1 for air and n 22 = 1.887 for water, and q = 1.185. The

characteristic wavelength is defined as λ = 2v 2 / n22 (n12 + n22 ) / (π 2ω ), where v is
the speed of light.

2.6 Numerical Solution
Knowing the total disjoining pressure, Π = Π el + Π vdW , as a function of the
film thickness, Eqs. (1), (2), (7), (12) were numerically integrated to obtain the
transient film thickness using the 4th order Runge-Kutta algorithm. A program
was written using the VBA (Visual Basic for Application) programming language
available in Microsoft Excel. In some cases, the concentration of the background
electrolytes was so significantly high that the electrical double layer interaction
was fully compressed. In these cases, the surface potential is not required.
The models were statistically evaluated using the Chi-square test and the statistical uncertainty [71] described as

⎛ hiExp − hiTh ⎞
χ = ∑⎜
⎟
αi
i =1 ⎝
⎠
2

N

2

(17)
Exp

Th

where N is the number of the experimental points, hi and hi are the experimental and theoretical film thicknesses, respectively, αi is the experimental error
for each one of the points. The average experimental error is estimated to be about
±2 nm . The level of statistical uncertainty can be calculated as

α = χ 2 / (N − ϑ )

(18)

where ϑ is the number of fitting parameters. Since there are no fitting parameters
used in this paper, ϑ = 0 .
The smaller the α value, the greater is the statistical reliability of the theoretical model. The α value for each one of the cases was calculated. The validation
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of the above models for foam films containing weak, moderate and strong surfactants at different concentrations and film radii was carried out.
3. EXPERIMENTAL PART

The drainage models reviewed in Section 2 were validated using the experimental data. The data were obtained in the present work using the micro interferometric
technique with the Scheludko cell. Foam films with hexathyleneglycol monododecyl ether (C12E6: CMC = 7.3 × 10-5 M) at ionic strength 0.024 M were studied.
The micro interferometric method was used to determine the transient behaviour of foam films. The full description of the experimental apparatus was
previously reported [1, 4, 25, 42, 72, 73] and is not fully repeated here. Briefly, the
apparatus consists of a glass cell, with an inner diameter of 4 mm, for producing
horizontal foam films, normal to gravity. First, a droplet of surfactant solution was
formed inside the film holder. Then the amount of liquid was regulated by means
of a gastight microsyringe connected to the film holder through a glass capillary.
Finally, a microscopic film was formed between the apexes of the double-concave meniscus by pumping out the liquid from the drop. A metallurgical inverted
microscope was used for illuminating and observing the film and the interference
fringes (the Newton rings) in reflected light by means of wavelength λ = 546 nm
and a digital camera system connected with computer for storage of the data. The
interferograms were processed offline using the “Image J” software for image processing delivering the pixel signal from a given small area of the film as a function
of the time, thus producing temporal interferograms, which was used for further
calculation of the film thickness versus time.
4. RESULTS AND DISCUSSION

Figure 2 presents the experimental data for foam films obtained with three
different radii (50 μm, 100 μm and 150 μm), which should produce plane parallel
films (with small radii) and then should increase the film thickness inhomogeneity
with increasing the film radius from 100 μm to 150 μm. According to the theoretical expectation the RDI and Scheludko models should better fit with the data for
the smallest foam film (Rf = 50 μm) than for the films with the larger radii. It is
noted that the drainage curves predicted by the RSh model are very close to the
experimental data for the three cases shown in Figure 4. On the other hand, the
MTR model, which is basically valid for inhomogeneous foam films with immobile surfaces and large radius, predicts significantly faster drainage than the
experimental data.
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Figure 2. Comparison between the model predictions (curves) and the experimental results (points) for transient thickness of C12E6 + 0.024 M
NaCl foam film with radius of 0.05 mm, 0.1 mm and 0.15 mm.

5. STATISTICAL EVALUATION OF THE THEORETICAL MODELS

Now the comparison and the validation of the models are checked by the statistical analysis. The statistical evaluation of the theoretical models is performed
by means of Eqs. and . This criterion is not absolute, but it is significantly indicative regarding the applicability of the models. Table 1 summarizes the level of
statistical uncertainty for all the presented cases along with the surface tension,
adsorption, the Gibbs elasticity, the adsorption length, the film radii, the CMCs,
the adsorption parameters and the bulk and surface diffusion coefficients. It is
noted that the smaller is the level of uncertainty, α, the closer is the theoretical
model to the experimental data. This statistical evaluation is expected to provide
the better measure of the significance and precision of the models than the visual
observation of the theoretical and experimental results presented in Figure 2.
Table 1 summarize the data for C12E6. Drainage of foam films with three different radii (50μm, 100μm and 150μm), keeping the same surfactant concentration,
is shown. This allows the estimation of the α value as a function of the film radius.
The α values for the Scheludko and RDI models increase with increasing the film
radius, which is expectable. Such dependence is not manifested with the other two
models. The RSh model agrees reasonably with the experimental data regardless of
the film radius, while the MTR model describes poorly the experimental data.
In summary: Scheludko and RDI models are with well defined validity – they
are valid for planar films of small size; in most cases such films are with radii up
to 50 μm. RSh model is empirically parameterized with experimental data and is
valid for films with tangentially immobile surfaces. For this reason this model
fits well to the experiment in many of the investigated here cases, although not
perfectly. MTR is a purely analytical model which should have validity similar to
the RSh model. However, in the particular studied range of small films, not being
empirically adjusted, it has lost here the advantages that it distinctly exhibits with
larger films. For this reason it needs further development.
6. CONCLUSION AND REMARKS

The available models for foam film drainage due to the Marangoni effect
were reviewed and validated using the experimental data obtained with non-ionic
surfactant. The evaluation of theoretical models was based on several criteria in
terms of dependence of the statistical uncertainty, α, on the Gibbs elasticity (at
similar film radii), the film radii (at the similar Gibbs elasticities) and for films
with film surface aggregates.
The validity of the Scheludko, RDI, RSh and MTR models was evaluated via
experiments on drainage of foam films with C12E6 in the range of small film radii
(50–150μm).
The evaluation of the theoretical models indicated that the foam film drainage
is crucially dependent on two factors: film radius and Gibbs elasticity. The film
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RSh
α± 0.26
1.31
3.97
2.53
2.52
1.21
2.50
2.11
1.04
4.47

MTR
α ± 0.24
8.87
4.08
6.00
12.53
6.43
4.41
12.46
10.11
10.57

Table 1. Experimental and model parameters, and statistical uncertainty, α, evaluated for the model thickness predictions for C12E6 foam films

RDI
1133.12 3.67 × 10-10 5.51 × 10-10 Scheludko
7.3 × 10-5
3 × 10-6
2
Csurf, M σ,mN/m Γ, μmol/m Eg, mN/m dΓ/dc, μm
Rf, μm
α± 0.16
α ± 0.15
50
1.26
1.26
-5
100
9.61
9.61
48.25
2.94
370
8.08
1 × 10
150
10.35
10.35
50
2.24
2.24
39.40
2.98
1150
0.95
100
6.15
6.15
3 × 10-5
150
10.81
10.81
50
1.82
1.82
-4
100
5.49
5.49
33.09
2.99
3400
0.11
1 × 10
150
10.81
11.67

C12E6 (Film radii = 50, 100 & 150 μm, Ionic strength = 0.024 M)
CMC, M Γ∞, mol/m2 K, m3/mol D, m2/s
Ds, m2/s

radius determines the thickness inhomogeneities, which make the film draining
faster. The formation of thickness inhomogeneity starts at film radius if ca. 50 μm
and increases upon the enlargement of the films as indicated by the experiment of
Manev [42]. The Gibbs elasticity controls the mobility of the film surfaces. They
become practically rigid at Eg = 1 mN/m. This is fulfilled with majority of the
surfactants at concentrations of CMC/1000.
The tests on the Scheludko and RDI models confirmed the theoretical expectations that these models are only valid in plane parallel films ( R f ≤50 μ m ).
The Scheludko model is only valid in the case with rigid film surfaces, i.e.,
Eg ≥ 1mN / m .
The RSh model gives good agreement with the theory with both small and
large foam films. In the case of small foam films ( R f ≤50 μ m ) the RSh model
agrees with the experimental data even for foam films with mobile film surfaces. At larger film radii the RSh model agrees well with the experiments when
Eg ≥ 10 mN / m , which is in accord with the theoretical stipulations of the model (for rigid film surfaces). It should be noted that the film surfaces become practically immobile, starting from Eg = 1 mN / m . The requirement for higher value
of the Gibbs elasticity with the RSh model most probably concerns the mechanical strength of the film surfaces. Again Eg ≥ 10 mN / m is fulfilled with most of
the cases, which makes RSh model very applicable for variety of different cases.
It should be noted here that MTR model was inducted by the experiments of
Manev [42]. In addition, empirical correction originating from Ref. [42] was introduced in the RSh model thus becoming semi-empirical. In this term it is not surprising that this model agree with the similar experiments in most of the cases.
The MTR model was developed for inhomogeneous foam films with immobile
surfaces. In most of the cases in the present work, these requirements are fulfilled
yet the model predicts significantly faster drainage. It should be noted that according
to Ref. [30] the MTR model agrees better with experiments on films with larger radii
(e.g. 200–500μm) than the other models observed in the present work.
The present work brings together the basic theoretical models for evaluation
with experiment on foam film drainage with seven different surfactants. Therefore, it calls upon the further development of the theory of thin liquid films.
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EVALUATION OF CYTOTOXICITY ON LEUKEMIA CELLS
Y. IVANOVA, O. PETROV*
a

Department of Applied Organic Chemistry, Faculty of Chemistry, Sofia University, 1164 Sofia,
Bulgaria
*opetrov@chem.uni-sofia.bg

Abstract: The synthesis of novel 1,3-diaryl propenone derivatives and their cytotoxic
activity in vitro against tumor cell lines BV-173 and SKW-3 are described. Chalcone
derivatives are prepared via Claisen-Schmidt condensation of substituted aldehydes with
6-acetyl-2(3H)-benzoxazolone.
Keywords: Chalcones; 2(3H)-Benzoxazolone; Cytotoxic activity;

INTRODUCTION

Chalcones are biosynthetic precursors of flavonoids found to possess cytotoxic and chemopreventive activities [1]. Viewed from a historical perspective,
the chalcones are best known as the yellow to orange colored flower pigments of
some species of Coreopsis and other Asteraceae taxa. The distribution of these
compounds is not restricted to flowers, however, and examples of this class can be
found in many different plant tissues. The chalcones are structurally one of most
diverse groups of flavonoids, as witnessed by the formation of a wide range of
dimers, oligomers, Diels–Alder adducts, and conjugates of various kinds. At the
same time, they are of great significance biosynthetically as the immediate precursors of all other classes of flavonoid [2]. Interest in chalcones as cytotoxic agents
was initiated by the discovery of some natural chalcones as Calythropsin, which
showed cytotoxicity against 60 cell lines, a small effect on tubulin polymerization
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and antimitotic activity. Therefore attempts have been made to find new synthetic cytotoxic analogues. In our earlier works we have synthesized and evaluated
novel heterocyclic chalcone as cytotoxic agents against several human cell lines.
Most of the tested chalcones showed cytotoxic activity where for compound 1 it
was comparable with anticancer drug etoposide[3–6].
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HO

HO
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Cl

OCH3
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O
O

O

O

Calythropsin
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In diversifying our work we have designed and synthesized new chalcone
derivatives and evaluated their cytotoxic ability in vitro.
RESULT AND DISCUSSION

The Claisen-Schmidt condensation method was employed for the synthesis
of 7 chalcone derivatives (compounds 2a-g, Table 1). Two step synthesis protocols, as depicted in scheme 1, were used to prepare the compounds. The first
step involved direct acylation of 2(3H)-benzoxazolone in Friedel-Crafts condition using acetyl chloride and the complex AlCl3-DMF as Lewis acid to yield 6acetyl-2(3H)-benzoxazolone [7]. In the next step, 6-acetyl-2(3H)-benzoxazolone
was condensed with a suitable aldehyde using aqueous potassium hydroxide as
catalyst in ethanol at room temperature to yield chalcone [8]. These conditions
were found to be satisfactory for the synthesis of chalcones in good yields. The
structure of the newly synthesized compound was confirmed by IR- and 1H-NMR
spectroscopy and elemental analyses.
Scheme 1. Schematic representation of the synthesis of chalcones 2a-g.
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O
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Table 1. Physical properties, elemental analysis and cytotoxic activity of compounds 2a-g
Compd

R1

2a

O

2b

S

2c
N

2d

CH3

O

2e

O

CH3
N

2f

O

Elemental analysis
[Calc./Found]
C 65.88 H 3.55 N 5.49
C14H9NO4
65.95
3.69
5.55
C 61.98 H 3.43 N 5.16
C14H9NO3S
62.36
3.43
5.34
Molecular
formula

C15H10N2O3

C 67.67 H 3.79 N 10.52
67.70
4.01
10.20

C17H13NO3

logP**
[Calc.]

n.d.*

31.8±2.5 2.83±0.42

n.d.*

39.4±3.4 3.02±0.59
n.d.*

1.84±0.44

C 73.10 H 4.69 N 5.02
35.1±3.3
73.54
4.84
5.09

n.d.*

3.67±0.40

C17H11NO5

C 66.02 H 3.59 N 4.53
66.18
3.81
4.63

n.d.*

3.33±0.50

C18H12N2O5

C 64.29 H 3.60 N 8.33
440±24.3
64.20
3.73
8.48

n.d.*

2.17±0.48

C20H13NO3

C 76.18 H 4.15 N 4.44
76.19
4.35
4.79

O

2g

IC50(μM)
BV-173 SKW-3

n.d.*

n.d.*

n.d.*

15.3±1.8 4.44±0.40

- Not determined
- calculated with ACD Labs

*

**

Inspection of 1H NMR spectral data clearly indicated that the compounds
were both geometrically pure and were configured trans- (JHα-Hβ = 15–16 Hz). The
aromatic ring protons were observed at the expected values at the area of 7.0–8.0
ppm. The IR spectra taken in nujol showed one characteristic vibrational frequency for the carbonyl group at about 1650 cm-1 and for the lactam C=O stretching
band at about 1760 сm-1.
Some of the synthesized compounds were evaluated for cytotoxicity in the
human chronic myeloid leukemia cell line BV-173 and the human chronic lymphoid leukemia derived SKW-3 cell using the MTT-dye reduction assay [9]. The
tested compounds exhibited concentration-dependent cytotoxic effects at different
concentrations. In both leukemia cell lines, the intensity of cytotoxicity of the heterocyclic chalcones is not governed by the substituents R1. Compound 2f, containing two azolone cycles in the chalcone core structure, showed decreasing in the
activity, which probably due to low lipophilicity as indicated logP values (Table
1). The comparative evaluation of the chalcones 2a-f revealed that the most active
one is 2g with IC50 value 15.3 μM, in accordance with the highest logP value.
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EXPERIMENTAL PART
Chemistry
The melting points were determined on a Boetius hot-stage microscope. IR
spectra were recorded in nujol on a Specord 75 spectrometer. 1H NMR spectra
(DMSO-d6; δ [ppm]; J [Hz]) were recorded on a Bruker Avance DRX 250 with
tetramethylsilane as internal standard. Elemental analyses were performed on a
Vario III microanalyzer. Obtained results were within 0.4% of theoretical values.
The synthesis of 6-acetyl-2(3H)-benzoxazolone [7] were described previously.
6-(3-(Furan-2-yl)-2-propenoyl)-2(3H)-benzoxazolone (2a) General procedure
To a solution of 0.35 g (2 mmol) 6-acetyl-2(3H)-benzoxazolone in 2 ml 10%
aq. KOH, 0.18 ml (2.2 mmol) furan-2-carbaldehyde in 3 ml EtOH was added.
After stirring a few hours at room temperature, the mixture precipitated. The reaction mixture was poured into 10 ml hot water and acidified with 10% HCl.
After cooling, the crystalline product was filtered, washed with water to pH 7 and
dried. Yield 0.48 g (96%); M.p. 199–201oC ; IR (nujol) 1771, 1660 cm-1, 1H NMR
(DMSO-d6): δ [ppm] 6.41 (m, 1H, furan); 6.70 (m, 1H, furan); 7.22 (d, 1H, arom.
H, J=8.5 Hz); 7.50 (m, 2H,furan, =CHCO); 7.71 (d, 1H, ArCH=, J=15.4 Hz); 7.92
(d, 1H, arom. H, J=1.5 Hz); 7.99 (m, 1H, arom. H); 12.05 (brs, 1H, NH);
6-(3-(Thiophen-2-yl)-2-propenoyl)-2(3H)-benzoxazolone (2b)
Yield 0.51 g (94%); M.p. 224–226 oC; IR (nujol) 1771, 1650 cm-1;1H NMR
(DMSO-d6): δ [ppm] 7.19 (m, 1H, thiophen); 7.22 (d, 1H, arom. H, J=8.2 Hz);
7.62 (d, 1H, =CHCO, J=15.3 Hz); 7.71 (m, 1H, thiophen); 7.79 (m, 1H, thiophen);
7.91 (d, 1H, ArCH=, J=15.3 Hz); 8.01 (dd, 1H, arom. H, J=8.2 Hz, J=1.5 Hz);
8.04 (d, 1H, arom. H, J=1.2 Hz); 12.10 (brs, 1H, NH);
6-(3-(Pyridin-2-yl)-2-propenoyl)-2(3H)-benzoxazolone (2c)
Yield 0.29 g (72%); M.p. 207–211 oC; IR (nujol) 1740, 1650 cm-1, 1H NMR
(DMSO-d6): δ [ppm] 7.24 (d, 1H, arom. H, J=8.1 Hz); 7.43 (m, 1H, pyridin); 7.70
(d, 1H, =CHCO, J=15.4 Hz); 7.94 (m, 4H, pyridin, arom. H); 8.16 (d, 1H, ArCH=,
J=15.4 Hz); 8.68 (m, 1H, pyridin);
6-(3-(4-Methylphenyl)-2-propenoyl)-2(3H)-benzoxazolone (2d)
Yield 0.49 g (88%); M.p. 262–266 oC; IR (nujol) 1770, 1650 cm-1, 1H NMR
(DMSO-d6): δ [ppm] 2.36 (s, 3H, CH3); 7.24 (d, 1H, arom. H, J=8.2 Hz); 7.28 (d,
2H, arom. H, J=8 Hz); 7.72 (d, 1H, =CHCO, J=15.5 Hz); 7.81 (d, 2H, arom. H,
J=8 Hz); 7.95 (d, 1H, ArCH=, J=15.5 Hz); 8.07 (dd, 1H, arom. H, J=8.2 Hz, J=1.5
Hz); 8.11 (d, 1H, arom. H, J=1.4 Hz); 12.1 (brs, 1H, NH);
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6-(3-(3,4-Methylendioxyphenyl)-2-propenoyl)-2(3H)-benzoxazolone (2e)
Yield 0.53 g (87%); M.p. 260–263 oC; IR (nujol) 1760, 1640 cm-1, 1H NMR
(DMSO-d6): δ [ppm] 6.12 (s, 2H, CH2); 7.01 (d, 1H, arom.H, J=8.0 Hz); 7.23 (d,
1H, arom.H, J=8.2 Hz); 7.34 (dd, 1H, arom.H, J=8.2 Hz, J=1.5 Hz);7.68 (m, 2H,
=CHCO, arom.H); 7.87 (d, 1H, ArCH=, J=15.5 Hz); 8.06 (dd, 1H, arom.H, J=8.2
Hz, J=1.6 Hz); 8.11 (d, 1H, arom.H, J=1.5 Hz);
3-Methyl-6-(3-oxo-3-(2-oxo-2,3-dihydrobenzo[d]oxazol-6-yl))-2-propenoyl)-2(3H)-benzoxazolone (2f)
Yield 0.31 g (91%); M.p. >350 oC; IR (nujol) 1770, 1620 cm-1, 1H NMR
(DMSO-d6): δ [ppm] 3.37 (s, 3H, CH3); 7.22 (d, 1H, arom.H, J=8.2 Hz); 7.31 (d,
1H, arom.H, J=8.2 Hz); 7.73 (m, 2H, arom.H, =CHCO); 7.95 (d, 1H, ArCH=,
J=15.4 Hz); 8.06 (m, 3H, arom.H); 12.06 (brs, 1H, NH);
6-(3-(Naphthalen-2-yl)-2-propenoyl)-2(3H)-benzoxazolone (2g)
Yield 0.61 g (98%); M.p. 262–266 oC; IR (nujol) 1780, 1660 cm-1, 1H NMR
(DMSO-d6): δ [ppm] 7.25 (d, 1H, arom.H, J=8.1 Hz); 7.62 (m, 3H, arom.H); 8.07
(m, 5H, =CHCO, аром.H); 8.57 (d, 1H, ArCH=, J=15.3 Hz); 12.12 (brs, 1H, NH);
Cytotoxic activity
The cytotoxic activity of the tested compounds was assessed by the MTT-dye
reduction assay as described by Mosmann, with minor modifications [10]. Briefly,
exponentially growing cells were seeded into 96-well plates (100 μl aliquotes/
well at a density of 1×105 cells/ml). Following 24 h adaptation period they were
exposed to various concentrations of the tested compounds for 72 h. After the
exposure period, MTT-solution (10 mg/ml in PBS) was added (10 μl/well). Plates
were further incubated for 4 h at 37 oC and the MTT-formazan crystals formed
were dissolved by adding 100 μl/well of 5% formic acid in 2-propanol. Absorption was measured on an ELISA reader (Uniscan® Titertek, Helsinki, Finland) at
540 nm. For each concentration at least 8 wells were used. A mixture of 100 μl
RPMI 1640 medium with 10 μl MTT stock and 100 μl 5% formic acid in 2-propanol served as a blank solution. The cell viability (% of untreated control) for each
treatment group was calculated using the formula:

% of
of untreated control =

AT
× 100
AC

AT – MTT-formazan absorption of the test sample
AC – MTT-formazan absorption of the control (solvent treated) sample
Concentration response curves were generated and the corresponding IC50
values were extrapolated, using Origin plot Software for PC.
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Abstract. The influence of the preparation conditions of films produced from commercially
available TiO2 by spray drying (particularly the role of the titania phase composition, the
nature of the suspension medium and of the substrate, temperatures of the deposition and postdeposition annealing) on their photocatalytic activity to the degradation of phenol dissolved in
water are studied. On the ground of the results reported and the data from the literature survey,
optimal conditions for photocatalytic TiO2 layers production are recommended.
Keywords: photocatalysis, TiO2, thin films, spray-pyrolysis, phenol, SEM

ПУЛВЕРИЗАЦИОННО ОТЛАГАНЕ НА СЛОЕВЕ ОТ TiO2
ЗА ФОТОКАТАЛИТИЧНО РАЗЛАГАНЕ НА ФЕНОЛ, РАЗТВОРЕН
ВЪВ ВОДА
Р. ТОДОРОВСКА, М. УЗУНОВА-БУЙНОВА, М. МИЛАНОВА, Д. ТОДОРОВСКИ

Абстракт. Изследвано е влиянието на условията на спрей-пиролизно получаване на филми от търговски продукти TiO2 (по-специално ефекта на фазовия състав на
оксида, състава на суспендиращата среда, природата на подложката, температурата
на отлагане на слоя и на следващото му нагряване) върху тяхната фотокаталитична
активност по отношение на разлагането на фенол, разтворен във вода. На основата
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на получените резултати и данни от литературното проучване са предложени оптимални условия за отлагане на фотокаталигични слоеве от TiO2.
INTRODUCTION

Amongst various oxide semiconductor photocatalysts, TiO2 has proven to be
the most widely used due to its strong oxidizing power, non-toxicity and longterm photostability [1]. Intensive investigations are carried out on the various factors influencing its photocatalytic efficiency. A critical review of different routes
for its modification as to enhance the activity towards the degradation of organic
dyes at wastewater treatment is reported recently [2]. Due to its high toxicity, wide
spreading and difficult destruction, phenol is used often as a model pollutant in
testing the peculiarities of the photocatalysts and photocatalytic processes conductions. The amount of literature devoted to this problem is rather huge.
The present work aims: (i) to make a short overview of some, more or less
representative papers revealing some of the main factors responsible particularly
for phenol degradation; (ii) by means of an additional experimental study to help
in elucidation of the influence of the TiO2 films preparation conditions on their
photocatalytic activity.
1. Photocatalyst
Slurry and films. TiO2 is used for phenol degradation as coatings on appropriate substrates or as slurry. The comparison between the effectiveness of the
catalyst used as slurry or as thin films correlated with its phase composition and
oxygen-source (O2 or H2O2) is made in [3].
Degradation of phenol derivates. A review of some papers dealing with degradation of 2-chlorphenol, 4-chlorphenol, 2,4-dichlorphenol, 3,5-dichlorphenol,
2,4,6-trichlorphenol, 2,3,5-trichlorphenol, pentachlorphenol, 4-nitrophenol is
made in [4]. Quantum yields for the photooxidation of 4-chlorophenol on spincoated films is studied [5].
Films substrates. Degussa P25 TiO2 is widely used for phenol degradation [6,
7] attached to glass mesh or spiral [8, 9], glass pearls [10], porous ceramic pellets
(there heating to 800 0C has a positive effect on the catalytic activity) [11], silica
[12], Si wafer [13, 14].
Influence of the catalyst preparation conditions. The catalyst preparation conditions are of great importance for its performance. The study [15] on the effect of the
calcination temperatures ranging from 350 to 750 0C on the structure and photocatalytic activity in visible and ultraviolet light show that samples calcinated at 350 0C
are active in vis region and had anatase structure, about 200 m2/g specific surface
area, absorb light above 400 nm and contain 10.1 mol% of C–C species. Photocatalyst processed at 450 0C had the best activity in UV light (250 ÷ 400 nm).
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Catalyst with smallest particle size, highest surface area and highest porevolume has been produced by ultrasonic-assisted sol-gel method showing to be
the rather active for the phenol derivates degradation [16].
Influence of the catalyst morphology. No proportional dependence between
films roughness and its activity has been found. Degradation of the pollutant to
CO2 after 2 h at 25 0C using films which roughness decreases in the order A>B>C
is 64% (B), 17% (A), 2% (C) due to the different surface properties has been observed [13].
The pores structure of the catalyst plays important role in the activity of TiO2.
Micro-/nano-composite hierarchical films deposited on glass by electro-hydrodynamic method, consisting of 100–1000 nm spheres (with macropores among
them) assembled by nanoparticles with nanopores have shown higher activity
than the nanofilms (rate constants 0.36 and 0.21 h-1, respectively) due to the increase of light collection above 380 nm and higher specific surface. The role of the
molecular transport is elucidated and a mathematical model is proposed [6].
It is found that the particle size of about 10 nm is an optimal for maximum
photocatalytic efficiency of anatase (prepared through sol–gel hydrolysis precipitation of titanium isopropoxide, followed by peptization, reflux or hydrothermal
treatment) [17]. UV pretreatment of the so obtained TiO2 samples leads to 40 %
higher activity than the one obtained with not treated samples.
Nanosized TiO2 photocatalysts (with 79–98% anatase, 48–63 nm in diameter
and specific surface area of 20–32 m2/g) are also synthesized via hydrogen–air
flame hydrolysis. It is found that catalysts with spherical particles have lower
activity compared with ones with polyhedral (cubic or hexagonal) shapes. Some
of the produced catalysts have a better photocatalytic performance than that of
Degussa P25 [18]. Nanocrysalline TiO2 (18 nm) was tested for phenol derivates
degradation under UV illumination [19].
Photocatalyst crystallite size has not significant influence on its catalytic activity. The low Fermi level is not favorable for phenol transformation [13].
The interrelation of influences of the type of the TiO2, the substrate nature,
the deposition and post-deposition annealing temperatures, the type of suspension
medium and additives serving as binders and pore-makers on the film photodegradation performance is shown [20].
Influence of the doping of the catalyst A number of doping agents and TiO2
doping methods are proposed.
F-doped commercial powder has been deposited on Ti plate [21].
The twist-like helix W, N-codoped TiO2 photocatalysts has been prepared
by a hydrolysis of TiCl4 using (NH4)2WO4 as W- and N- sources. The probable
mechanism of codoping effect is proposed considering the narrowing the band
gap between the valence and conduction band, the formation of trapping sites by
the tungsten ions with changing valences and the special twist-like helix structure
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with regular holes on the wall, high surface area, large pore volume and wellcrystallized anatase phase. Codoped 1 %-W, N-TiO2 sample has shown the best
photocatalytic activity, which is much superior to Degussa P25 under both visible
and ultraviolet light irradiation [22].
The N-doped TiO2 prepared using TiCl3 as the precursor and ethylenediamine
as N-source shows red-shiftting to the visible region. The nitrogen atoms are located
at the oxygen site in the TiO2 lattice to form an O-Ti-N structure. As a result ~98%
of the present phenol is degraded for 6 h under visible light irradiation [23].
A wide number of different TiO2 (Degussa P25, Hombikat UV-100 and Rutile Aldrich as well as TiO2 prepared by sol–gel method) have been modified by
photodeposition of platinum from H2PtCl6, using isopropanol as reducting agent
under N2- atmosphere, thus depositing an amount of 0.5% Pt. The photocatalytic
activity has been studied in correlation with the results of structural and surface
characterisation [24].
The effect of sulphatization on the structural and surface characteristics and
photocatalytic properties of Degussa and sol–gel produced TiO2 has been studied
in [25]. Sulphatization process stabilizes TiO2 catalyst phase against sintering,
maintaining anatase phase until higher calcination temperatures and relatively
high surface area values. Better conversion values for phenol oxidation have been
obtained for samples calcined at 700 0C or (for the sol-gel samples) at 600 0C.
Further improvement of the photocatalytic activity of sol–gel prepared TiO2 has
been achieved by sulphate pre-treatment, calcination at high temperature and following platinisation (0.5–2.5% Pt) of the samples. Synergetic effect of the co-doping is
registered, the activity of the samples being several orders of magnitude higher than
that of the commercial TiO2 Degussa P25 (platinised or unmodified) [26].
The influence of pH and doppant concentration on the activity of the sol–gel
prepared titania nanopowders co-dopped with Zn(II) and Fe(III) has been investigated and a mechanism has been proposed explaining the enhanced activity [27].
The synergetic effect of B-Fe co-doping of titania/silica photocatalyst has been
found in [28]. The dopants inhibit phase transformation of TiO2 and enhance the
intimate interaction between titania and silica thus increasing the photoactivity. The
doping with boron leads to the response to visible light and with iron (existing as
Fe2O3 dispersed on the TiO2 surface) increases the photoquantum efficiency. Codopping with boron and nitrogen is also used for the same purpose. The presence of
the dopants leads to the band gap decrease and respective rise of the photocatalytic
activity. The calcination temperature influences the photoactivity [29].
Improving of the photocatalytic activity (compared with Degussa product or
the sample prepared by the same method but without dopant) has been reached
by a composite consisting of TiO2 coated onto a magnetic Fe3O4 core with a SiO2
layer between the core and shell. The photocatalytic-degraded ratio of phenol is
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still higher than 80 % after six cycles. The activity of the product without the buffer SiO2 layer has been found to be lower than the referent materials [30].
The presence of SnO2 in the composites TiO2/SnO2 efficiently suppresses the
electron-hole recombination [31].
The system of porphyrin/TiO2 complexes has significant efficiency for photocatalytic degradation for some hazardous or recalcitrant pollutants, under visible
light (λ = 419 nm) irradiation. The degradation of 2, 4-dichlorphenol has reached
42–81% at pH 10 for 4 h [32].
Fe- and Eu-doped (≤1 mol %) TiO2 nanoparticles powders have been synthesized by a hydrothermal route at 200 0C, using chlorides as starting materials.
XRD patterns reveal that the as-prepared samples consist of TiO2 with particle
size as low as 15 nm with iron and europium ions substituting for titanium in the
tetragonal anatase structure. A decrease of Eg from 2.9 eV found for Degussa photocatalyst to 2.8 eV for the titania doped with 1 mol% Fe has been evidenced, indicating a valuable absorption shift ( 20 nm) towards visible light region. However, the best photocatalytic activity in the photodegradation reaction of phenol
has been found for hydrothermal sample of TiO2 with 1 mol% Fe and 0.5 mol%
Eu, in both UV and visible light regions. The photocatalytic activities of Fe-doped
and Fe–Eu-codoped samples are practically the same only in visible light [33].
La-doped nanocrystalline TiO2 photocatalyst has been developed by sol-gel
method. The photocatalytic activity has been evaluated by the photocatalytic degradation of phenol in solution under sunlight irradiation. The results have shown
that La doping improves the crystallinity of anatase, suppresses phase transition
from anatase to rutile and exhibits an absorption in the >400 nm range. So produced photocatalysts exceeds the activity of pure TiO2 prepared by the same method when the molar ratio of La to Ti has been kept at 0.3 % [34].
Nd3+–TiO2 nanocolloids (sol particles of 10 nm prepared by chemical coprecipitation–peptization method) have exhibited photocatalytic activity in the visible range.
It has been found that after 2 h photocatalysis the concentrations (mg/l) decreased
from initial 100 to final 5.29 for phenol and 75.2 for phenol derivatives and from 37.1
to final 29.3 for the total organic carbon value. The reaction mechanism has been proposed as the process of self-sensitization and sub-bandgap overlapping [35].
The composite consisting of 10 % TiO2 and 0.3 % Ce loaded on molecular
sieve has shown maximum phenol degradation activity. The possible mechanism
of the degradation process has been proposed [36]. Nanocrystalline TiO2 incorporated with Pr(NO3)3 has been prepared by an ultrasound method in a sol–gel
process [37] and tested for the phenol derivates degradation.
Modified sol–gel method has been used to produce multi-walled carbon nanotubes (MWNT) - TiO2 catalyst. The synergetic effect (strongest at weight ratio
MWNT/TiO2 equal to 20 %) induced by a strong interphase interaction between
MWNT and TiO2 (preventing TiO2 particle agglomeration) has led under visible
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light irradiation to an increase in the first-order rate constant by a factor of 4.1.
A correlation exists between the MWNT content and the changes in the UV–vis
absorption properties. [38, 39].
Carbon-containing catalysts of semiconductor nature with large surface areas, capable to photodegrade p-chlorphenol under visible light, with long-time
stability have been obtained by a modified sol–gel process. A highly condensed,
carbonaceous species formed during calcination are responsible for the photosensitisation. Commercially available TiO2 can be photosensitised by impregnation
with suitable alcohols followed by pyrolysis [40].
2. Photocatalytic process
Excitation light wavelength. Using 15 W UV lamps, higher degradation rates
have been obtained at 254 nm than at 350 nm [41].
Excitation source. Different types of black light UV fluorescent tubes (15–20 W)
are usually applied along with Hg lamp (125 [10] – 500 W [42]). Solar parabolic
trough [8] or other sources of concentrated sunlight [7] are used for a sunlight
excitation.
Value of pH of the pollutant solution. Using Degussa P25 TiO2, attached to
glass spiral and fluorescent tube or solar energy as excitation source, maximum
rate was observed above pH 3.4 [8]. Further increase of pH to 8.5 has not shown
essential effect at near-UV illumination [43].
Temperature. The apparent degradation rate constant Kd registered using
TiO2-x (prepared by direct current reactive sputtering on different supports) has
changed with the temperature increasing more than twice between 298 K and 343
K at x = 0. The differences in the catalytic activity is connected with the electrical
properties and depends on the value of x, for example Kd = 1 h-1 at 298 K and 105
h-1 at 343 K at x = 0.07 when slurry with 1.5 % anatase nanoprecipitate is irradiated with visible light. However the temperature increase has an opposite effect
applying a rutile/anatase mixture with x = 0.03: 1.2 h-1 at 298 K and 0.5 h-1 at 343
K. In some cases the increase of the temperature has led to slower phenol transformation but with improved mineralization [13].
Influence of other components in the purified liquid. The presence of different
modifications of MnO2 (20 mg/l) in the purified water has inhibited completely the
activity of Degussa P25 in the first 20-60 min due to photoelectron and photohole
recombination [44].
Influence of the reactor construction. The role of the photochemical reactor
construction has been studied [42]. Coil-type reactor with 374 cm2 effective area
and 0.44 mg/cm2 TiO2 coating has been proposed for phenol (17,8 μM) degradation at illumination with light above 340 nm [45].
Kinetics. The kinetics of the photodegradation process is usually described
by the Langmuir–Hinshelwood. Montoya et al. [46] has shown that literature data
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concerning TiO2 photocatalytic oxidation of phenol and formic acid, are incompatible with the behavior predicted by this model. They have reanalyzed these
data from the point of view of the alternative model [47], developed as an addition to the L–H model. Two interfacial charge transfer mechanisms are considered
by the last model: the indirect transfer mechanism, which is concerned with the
adiabatic transfer of holes trapped at TiO2 terminal oxygen ions to dissolved substrate species, and the direct transfer mechanism dealing with the inelastic transfer
of free holes to specifically adsorbed substrate species.
According to [48] the apparent first-order rate constant depends on the phenol
concentration [Ph]0 in the starting solution, indicating that the reaction is not a simple first-order one. Up to the high conversion the reaction apparently has proceeded
according to the first-order kinetics. The dependence K/[Ph]0 has been affected by
TiO2 concentration and light intensity. The rate determining step has been considered to be the formation of OH because it reacts very rapidly with the phenol.
The first-order kinetics has been accepted in [49] but the rate constant decreased with increasing solute concentration. The effect is explained in terms of
the integrated form of Langmuir adsorption isotherm. A marked dependence of
the destruction rate on flow rate has been observed.
The kinetics of the photodegradation of substituted phenols has been studied in [50]. A nano-sized, high surface area combustion synthesized pure anatase
TiO2 has a higher photocatalytic activity than the commercial Degussa P-25. No
intermediates have been observed when so produced catalyst has been used for
the photocatalytic degradation of phenols, while several intermediates have been
observed for the same reactions catalyzed by Degussa P-25. Chlorphenols and
methylphenols degrade much faster than phenol. The mechanisms and the kinetic
parameters of the process have been determined [50].
Despite the positive effect of the doping of TiO2 with some dopants and/or
application of special methods for its production or treatment on its photocatalytic
activity, the commercially available Degussa P25 stays one of the best catalysts,
often used as referent material for this purpose. In the same time the constant
quality and detailed characterization of this product turns it into rather convenient
system to be used in investigations on the influence of preparation conditions
on the catalyst films photocatalytic performance. Spray-drying as film deposition
method, applied in this work, is preferred because it does not causes significant
changes in the catalyst phase composition and crystallites size thus permitting the
influence of other deposition conditions to be elucidated.
The aim of this work is to study the influence of the preparation conditions
of films produced from commercially available TiO2 by spray drying (particularly
the role of the type of the titania, the nature of the suspension medium and of the
substrate, temperatures of the deposition and post-deposition annealing) on their
photocatalytic activity to the degradation of phenol dissolved in water.
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EXPERIMENTAL

1. Materials. Matted microscopic slides, 20×25×1 mm (Isolab, Germany),
silica glass (18×18×2 mm, optical grade) and stainless steel type 316 plates
(20×15×0.5 mm) were used as substrates. All of them were carefully washed with
detergent, water, distilled water and treated in ultrasonic bath consecutively with
dichlorethylene, i-propanol, ethanol and acetone for 10 min in each of them.
Commercially available TiO2 Degussa P-25 and Tronox were used as starting
material for the films deposition. Ethylene glycol (EG, p.a grade) or polyethylene
glycol with molecule mass 2000 (PEG) or acetylacetone (AA, puriss. p.a., Fluka)
were added to increase the porosity and to improve the adhesion of the films.
Aqueous solution of freshly purified phenol (10-4 M) were used as model pollutant.
2. Films deposition. Aqueous or methanol suspension containing 1% TiO2
[51] and 0.24 % EG or PEG was used for the films deposition. In some of the
experiments sonication for 20 min by means of ultrasonic disintegrator UD 20
(Technopan, Poland) was applied before spraying.
The spraying device shown in Ref. [52] was used for films deposition. The
optimal coating conditions were found at preliminary experiments and were similar to the ones used in [20]. The suspension was passed through a pneumatic
nebulizer with a nozzle diameter 1 mm using pressurized O2 as a carrier gas. The
substrate was situated at 20 cm from the nozzle at an angle of 45 0 and heated at
temperatures (shown in the text) depending on the nature of the substrate and of
the spraying material and kept within the limits of ± 5 0C. The suspension was
sprayed for 30 s followed by 5 min interval. The deposited films were undergone
to heating at 300 0C ÷ 500 0C for 1 h in static air. The so-prepared films have a
very good adhesion with the substrate as proven by the standard tests with scotch
tape and brass edge. The films thickness is controlled by the number of spraying
cycles. Typically 10 cycles were applied to produce 0.5 mg/cm2 layers or approximately 1.5 μm in thickness.
3. Films characterization. X-ray diffractograms of the films were taken by
Siemens D-500 powder diffractometer (CuKα, 40 kV, 30 mA). The diffraction
spectra of rutile (JCPDS 77-0442) and anatase (JCPDS 84-1286) were used as
referent database for films phase-composition determination. The crystallites size
was evaluated by the broadening of (100) and (110) reflections of anatase and
rutile, respectively. The weight fraction f of anatase was calculated using the integrated intensities of (101) reflection of anatase IA and (110) reflection of rutile
IR according to the equation [53]: f = 1/(1 + 1.26IR/IA). The film morphology was
observed by scanning electron microscopy (JEOL JSM 5510, Japan).
4. Photocatalytic tests. The prepared films were placed in 250 cm3 model pollutant solution, magnetically stirred (360 min-1) at bubbling with air (45 dm3/h).
After 30 min “dark” period (for the establishing of equilibrium of the sorption pro136

Intensity at 297 nm (a.u.)

cess), the system was UV-illuminated by a lamp (Sylvania, 18 W BLB T8), situated
at 9.5 cm from the film (light intensity at the film surface 50 μW/cm2). Periodically
5 cm3 aliquot was taken from the solution, filtered through 0.22 μm membrane filter
and the phenol concentration was determined by the fluorescence microspectrometer PC2000 of Ocean Optics, USA (excitation at 273 nm, emission band at 297 nm).
The results were managed by the specialized program OOI BASL. The calibration
curves for different measuring time (2–8 s) are shown on Fig. 1.
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Fig.1. Calibration curves for phenol concentration determination at different measuring times (2–8 s).

RESULTS AND DISCUSSION

Fig. 2 shows the typical changes in the fluorescence spectra of the purified solution during the photochemical test thus revealing the performance of the catalyst
used. The data obtained permit the kinetic curves to be plotted and the degradation
rate constants to be derived (Fig. 3).
SEM images (Fig. 4) permits the morphology of the films to be evaluated.
They are relatively uniform, porous, in some cases (film 1) with wave-like surface
and with morphological grains size and agglomeration ability depending on the
titania type.
Table 1 represents data for the TiO2 type, film preparation mode and degradation rate constant for some of the prepared films. Aiming a greater value of the
phenol degradation rate constant, results reported lead to the following general
recommendations for the films preparation:
Catalyst phase composition. The comparison of the data for films 1 and 2 (Table 1) confirms the earlier reported results [54] that the presence of some amount
of rutile in the photocatalysts (i.e. applying the product of Degussa instead of the
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Fig. 2. Typical fluorescent spectra of the purified solution in the course of the photocatalytic test.

Fig. 3. Typical kinetic curve lnC/C0 vs UV-irradiation time.

pure anatase of Tronox) is an advantage despite the fact that anatase is an active
polymorph. In the same time, SEM observation (Fig. 4) show that the morpho138
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Fig. 4. SEM images of the initial Degussa P25 TiO2 (powder) (a) and of films 1, 2, 8 (see Table 1).
Table 1. Preparation conditions, phase composition and photocatalytic activity of spray-pyrolysis deposited TiO2 films
Film Sub№
strate
1
2
3
4
5
6
7
8

Steel 2
Steel 4
Steel
Steel
Steel
Steel
Silica
Glass 3
1
2

Suspension
medium
H2O
H2O
CH3OH
CH3OH
CH3OH
H2O
CH3OH
H2O

Additive
PEG
PEG
PEG
PEG
AA
PEG

Sonication1
+
+
+
+
+

Temperature (0C) of Rate con- Type
stant,
of
deposianneal- n.10-3
TiO22
-1
-2
min
.cm
tion
ing
100
500
2.07
D
100
500
1.81
T
100
500
2.72
D
25
500
1.94
D
100
500
1.49
D
100
500
1.06
D
25
500
3.14
D
300
500
2.42
T

+ applied, – not applied
D – Degussa P25, T – Tronox

logical grains size of the film, produced from Degussa P25 is smaller than that of
the film from Tronox (films 1, 2) thus ensuring higher specific surface area. Obviously, the latter factor will favor a higher photocatalytic activity.
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Suspension medium. Methanol is advantageous in comparison with water and
ensures two-fold higher decomposition rate at medium deposition temperatures
(100 0C, films 1 and 3, Table 1). The effect could be connected with the difference
in the boiling temperatures and, respectively, the drying rate [20].
Deposition temperature. The deposition temperature should be chosen as a
compromise, accounting for the established decrease (with approx. 20 %) of the rate
constant with the increase of the deposition temperature from 25 to 100 0C (films 4,
5) and the requirement a good adhesion of the film to be obtained. The latter is, to
some extend, favored by the higher deposition temperature and 100 0C seems to be
an acceptable compromise for films produced from Degussa, titania. The observation of the films morphology (Fig. 4) shows a lower trend of the Tronox product to
agglomerate. No significant difference is seen in the morphology of the films deposited at 100 0C and at 300 0C. The higher rate constant achieved at higher temperature
of deposition (films 2, 8, Fig. 4) might be due to the appearance of small amount of
rutile. Commonly the anatase → rutile transformation proceeds above 500 0C. It has
to be supposed that shock-like heating of the microdrops in the course of spraying
may provoke some recrystallization at substantially lower temperature.
Annealing temperature. Fig. 5 illustrates the influence of the annealing temperature on the effectiveness of the film deposited on the glass. The increase of the
temperature from 300 0C to 400 0C has not a significant effect on the rate constant
value but further increase to 500 0C leads to its decrease. However such dependence
is valid only for films on glass substrate and is possibly due to diffusion of sodium
(which negative effect on the photocatalytic activity is known [55]) from the glass
into the layer. On other substrates 500 0C is the optimal temperature (Fig. 6). Possible introduction of Fe when steel substrate is used may have a positive effect.

Fig. 5. Influence of the post deposition annealing temperature on the photocatalytic activity of
films on glass: 1- 400 0C, 2 – 500 0C
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Fig. 6. The comparison of the apparent rate constants of the films, produced on different
supports and different temperature of post-deposition annealing; all other coating conditions
are the same

Presence of additives into the suspension medium. Among the studied by
us PEG, ethylene glycol and AA as binders and porosity enhancement reagents,
the PEG is to be preferred because it ensures two times higher activity of the film
probably due to higher boiling point and, respectively, slower degradation leading
to substantial effect on the film porosity (films 1, 6).
The highest value of the constant is registered for film from Degussa P25
product deposited on silica substrate at ambient temperature and post-deposition
heated at 500 0C (film 7, Table 1). This temperature is high enough a strong adhesion of the film to be obtained without (according to the X-ray diffractometry
data) any significant increase of the rutile relative content.
CONCLUSION

Applying commercially available TiO2 as starting material at spray-drying
method uniform, porous films can be produced. The agglomeration of the grains
depends on the oxide type. The films morphology slightly depends on the thermal
conditions applied in the course of the overall process. Substances with higher
decomposition temperatures (PEG) are to be preferred as additives to the starting
suspension. The temperature of films deposition has to be determined accounting
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for the agglomeration trend of the oxide and for the requirements a good adhesion to be achieved. The annealing temperature strongly depends on the substrate
nature and mainly on the possibility ions suppressing photocatalytic activity to
penetrate in the layer deposited.
Silica glass as substrate, Degussa P25 suspended in methanol (1 %) with addition of 0.25 % PEG 2000, deposition at conditions described in the text at 100
0
C and annealing for 1 h at 500 0C could be recommended as optimal conditions
for preparation of films for phenol degradation.
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SYNTHESIS AND MASS SPECTRAL STUDY OF TRANS- AND CIS(±)-3-PHENYL-3,4-DIHYDROISOCOUMARIN-4-CARBOXAMIDES
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Abstract. A series of trans- and cis- (±)-3-phenyl-3,4-dihydroisocoumarin-4carboxamides (4a-c) were synthesized and the electron impact (EI) ionization mass spectral
fragmentation was described. For all studied compounds, both diastereomers follow the
same fragmentation pattern, but differ on the abundance of the base peaks, which shows the
opportunity to distinguish 3,4-dihydroisocoumarin diastereomers using mass spectrometry.
Key words: Isocoumarin, Dihydroisocoumarin, Diastereomers, Homophthalic
anhydride, Mass Specrometry.

INTRODUCTION

3,4-dihydroisocoumarins possess an aryl substituent in position 3 are the core
of various natural [1] and synthetic [2] compounds which exhibit a wide variety
of pharmacological activitiess [1–5]. Because C-3 and C-4 carbon atoms are stereogenic centers both diastereomers (cis- and trans-) are possible for this type of
compounds (see Fig. 1). The relative configuration can be attributed on the basis of
the value of the vicinal coupling constant (3J3,4) between H-3 and H-4 atoms in the
1
H NMR spectra [6, 7], but in some cases [8] the intermediate value (2–6 Hz) of the
observed coupling constant (being characteristic both for the trans- and cis- diastereomers in synclinal conformation) can lead to wrong interpretation of the experimental data and thus to erroneously proposed relative configuration. This problem
can be avoided if another spectral method distinguishes both diastereomers. Thus,
the aim of this work is to study the fragmentation pattern of trans- and cis-(±)145

3-phenyl-3,4-dihydroisocoumarin-4-carboxamides (4a-c) by electron impact mass
spectrometry (EIMS) in order to distinguish trans- and cis- diastereomers.
RESULTS AND DISCUSSION

Synthesis of compounds
Scheme 1 shows the reaction outcome and the synthetic path to compounds
4a-c. In the first synthetic step, following a previously reported by us protocols,
[9,10] homophthalic anhydride (1) reacts with benzaldehyde to give the corresponding trans- and cis-(±)-3-phenyl-3,4-dihydroisocoumarin-4-carboxylic acids
(2). It is noteworthy that the ratio among the isomers depends on the catalyst
used in the reaction, so both basic (DMAP) and acidic catalysts (BF3•Et2O) were
used. The cis-/trans-isomeric products were separate successfully by fractional recrystallization and the separated isomers were converted into corresponding acyl
chlorides 3a-c in boiling benzene in the presence of thionyl chloride. Treatment
of the latter with cyclic secondary amines (NuH) gave the target products 4a-c,
which were isolated as crystalline products and purified by recrystallization from
appropriate solvents.
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Scheme 1. Reaction scheme for the preparation of compounds 4a-c.

The structure of the newly synthesized products was characterized by spectral
methods (IR and 1H NMR) and elemental analysis. The interpretation of the 1H
NMR spectra is in agreement with the literature data for compounds of this class
[9,10] and showed the following characteristic signals: the signals for H-4 and H-3
protons appear as doublets within 3.99–4.61 and 5.67–5.94 ppm respectively; the
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two groups of protons close to the amide nitrogen are unequivalent and thus independent signals in the region 2.43–3.62 ppm are observed for each proton; the
signals for proton H-8 appear at lower field (7.77–8.04) compared to the other aromatic protons. This phenomenon is an indication for proximity of H-8 to the lactone
carbonyl group. The relative configuration of trans- and cis-4a-c can be defined on
the basis of the vicinal coupling constant value (3J3,4) between H-3 and H-4 atoms in
the 1H NMR spectra (see Fig. 1). In general, values of 10–13 Hz suggest trans-configuration [6,7] and preferred antiperiplanar (ax,ax) conformation of the H-3 and H4 atoms, but values of 3J3,4 = 3–6 Hz suggest, synclinal (sc or gauche) conformation
and did not allow a distinction between cis (eq,ax) and trans (eq,eq) configuration of
H-3 and H-4 atoms. On the other hand, 3,4-dihydroisocoumarins are conformationally flexible compounds, [8] and thus one can define incorrect relative configuration
if the existing conformational equilibrium between conformers I and II is neglected.
However, to overcome this problem another spectral method could be applied. It is
known that the mass spectrometry is a proven technique for the differentiation of
stereoisomers, but to the best of our knowledge no literature data is available for
diastereomeric differentiation by MS of 3,4-disubstituted 3,4-dihydroisocoumarins.
In this direction, we carried out preliminary mass spectral study on three of the synthesized diastereomeric couples.
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Figure 1. Possible conformational equilibrium for trans- and cis-4-a-c.
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Mass spectral characterization
The fragmentation pattern for the studied compounds is shown in Scheme 2
and is summarized in Table 1. The molecular ion peaks (M•+) for 4a, 4b and 4c
appear at m/z 335, 337 and 351, respectively. The relative abundances of M•+ is in
the range 1–12%, so that, only a small fraction of the total ion current is carried by
those peaks. Тhe fragmentation proceeds further in two directions – path a, due to
ionization of the amide group, and path b – due to ionization of the pyranone ring.
The most important fragmentation in 4a-c arises from α-cleavage of the amide
function, resulting in the formation of isocoumarinе fragment [i-cum] of mass
222, 223 and 224 for 4b, 4a and 4c, respectively. Following the fragmentation
path a, further elimination of phenyl radical yield a cation at m/z 145. This is followed by consequent elimination of two CO molecules furnishing cations at m/z
117 and 89. The loss of CO2 and CO from [i-cum] furnished radical cations at m/z
178 and 194. The fragmentation path b gives characteristic fragments regarding
the amide group. Loss of a molecule benzaldehyde from M•+ yield radical cations
of type i in all cases, which afford radical cations ii and iii after consequent loss
of two molecules CO. It is noteworthy that the fragmentation pattern shown in
Scheme 2 is followed by all the compounds studied, and thus, not characteristic
fragment can be attributed towards one of the isomers. However, an interesting
result appears from the analysis of Table 1. Although the isomeric compounds
show the same characteristic fragment ions, clear differences are observed in the
relative abundance for the base peaks. The [i-cum] fragment appears as the base
peak in the spectra of the cis-isomers only. In contrast, the formed [i-cum] fragments from the trans-isomers are always of less abundance. That difference in
the formation of [i-cum] could be explained by the different stability of the two
diastereomers. According to the observed values of 3J3,4 of about 11 Hz we assign
conformation in solution with both equatorial bulky substituents at C3 and C4
atoms (trans-I) for compound trans-4a-d (see Fig. 1). In the case of compounds
cis-4a-d the preferred conformation in solution can not be determined only from
3
J3,4, because of the same value (3–6 Hz) in conformations cis-I and cis-II, but
since one of the substituents is always in axial position (unpreferable conformation) it could be concluded that the cis-isomers are of higher energy (related to
the trans-isomers). Thus, the formation of the [i-cum] fragment from cis-4a-c is
expected to be faster than those formed from trans-4a-c, since the formation of
[i-cum] from the cis-isomers needs less activation energy.
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Table 1. EI mass spectra of trans- and cis-4a-c.
m/z (relative abundance, %)
M

[i-cum]

cis-4a

335 (12)

223 (100)

290(9), 229(29), 222(92), 205(17), 201(40), 194(15), 178(20), 172(52),
165(15), 158(9), 145(17), 117(22), 112(79), 105(37), 89(74), 84(28),
69(36), 56(10), 41(17)

trans-4a

335 (2)

223 (2)

290(1), 229(8), 206(30), 205(20), 201(8), 194(4), 178(15), 172(12),
165(9), 145(5), 117(6), 112(100), 105(12), 89(24), 84(12), 69(33),
56(5), 41(13)

cis-4b

337 (12)

222 (100)

292(9), 231(26), 207(18), 203(28), 194(8), 178(8), 174(19), 165(8),
145(29), 117(17), 114(48), 105(62), 89(53), 86(7), 77(12), 70(20),
56(6), 42(5)

trans-4b

337 (2)

223 (2)

292(9), 231(20), 207(20), 203(28), 194(20), 178(21), 174(40), 165(15),
145(42), 117(35), 114(48), 105(62), 89(100), 86(19), 77(36), 70(53),
56(12), 42(5)

cis-4c

351 (1)

224 (100)

245(2), 206(8), 195(7), 178(29), 165(8), 152(4), 145(5), 133(18),
118(4), 105(14), 89(15), 77(11), 55(2), 43(3)

trans-4c

351 (9)

224 (61)

307(11), 245(8), 223(75), 206(19), 195(39), 178(61), 165(23), 152(11),
145(18), 133(36), 118(31), 105(100) , 89(61), 77(41), 55(9), 43(12)
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Scheme 2. EI fragmentation pattern of trans- and cis-4a-c.

CONCLUSION

The present mass spectral study on isomeric 3,4-disubstituted 3,4-dihydroisocoumarins shows that trans- and cis-isomers of this type could be differentiated
by mass spectral analysis, since under EI conditions, the relative abundance of the
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[i-cum] fragment is greater in the cis-isomers. In order to understand the observed
phenomenon in details, the synthesis of more complete series of diastereomeric
couples of dihydroisocoumarine type is now in progress.
EXPERIMENTAL

Melting points were determined on a Kofler microscope Boetius PHMK 0.5
and are uncorrected. The IR spectra were acquired in chloroform on a Specord 75
and are reported in reciprocal centimeters. The 1H-NMR spectra were obtained on
a DRX Bruker Avance NMR spectrometer at 250 MHz in corresponding solvents
given in parentheses. The chemical shift is given in ppm (δ) relative to tetramethylsilane as internal standard. Elemental analyses were obtained in the relevant
laboratories at the Faculty of Chemistry, University of Sofia. The mass spectra
were obtained after preliminary GC separation on Trace GC (Thermo Electron)
instrument equipped with a quadruple MS detector DSQ (Thermo Electron). The
separation was carried out on DB-5 MS column. The mass spectrometer operates
in scan-mode (70 eV ionization potential).
cis/trans-1-Oxo-3-phenyl-isochroman-4-carboxylic acid (cis-/trans-2).
DMAP catalyzed reaction: To a mixture of homophthalic anhydride (1) (1
g, 0.006 mol) and 1.1 equiv. of benzaldehyde (0.72 g, 0.007 mol) in 7 ml dry
chloroform 1 equiv. DMAP was added. The reaction mixture was stirred for 2 h at
room temperature. At the end of the reaction (TLC) the obtained carboxylic acids
were extracted with 10 % sodium hydrogen carbonate. The aqueous layer was
acidified (pH = 3) with 15 % hydrochloric acid and extracted with ethyl acetate.
The organic layer was dried with sodium sulfate, filtered and then the solvent was
evaporated under reduced pressure. The mixture of cis-2 and trans-2 isomers was
separated by fractional crystallization from dichloromethane (yield: cis-2 0.124 g,
12%; trans-2 0.698 g, 70 %).
BF3.Et2O catalyzed reaction: To a mixture of homophthalic anhydride (1)
(1.81 g, 0.011 mol) and benzaldehyde (1.19 g, 0.011 mol) in 15 ml dry chloroform
BF3.Et2O (15,78 g, 0.111 mol) was added. The reaction mixture was stirred for
8 h at room temperature. At the end of the reaction (TLC) the reaction mixture
was diluted with ethyl acetate and was washed with 15 % hydrochloric acid and
then with water (pH = 7). The organic layer was dried (sodium sulfate), filtered
and then evaporated under reduced pressure. The mixture of cis-2 and trans-2
isomers was separated by fractional crystallization from dichloromethane (yield:
cis-2 1.053 g, 35 %; trans-2 1.608 g, 54 %).
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General procedure for synthesis of compounds (cis-/trans-4a-c). To a suspension of cis-/trans-2 acid in dry benzene, thionyl chloride (4 equiv.) was added.
The reaction mixture was stirred at 80 ºC for 2 h. Then, the solvents were evaporated under reduce pressure and the residue was dissolved in dry chloroform. To
the cooled solution (0 ºC, ice bath) 3 equiv. of the coresponding amine were added
and the reaction mixture was stirred for 30 minutes. At the end of the reaction
(TLC), the reaction mixture was diluted with ethyl acetate and washed with water
(pH = 7). The organic layer was dried (sodium sulfate), filtered and the solvent
was then evaporated under reduced pressure. The products cis-/trans-4a-c were
isolated after recrystallization.
trans-4-(Piperidine-4-carbonyl)-3-phenyl-isochroman-1-on (trans-4a). This
compound was obtained as colorless needles from ethyl acetate (yield: 0.216 g,
72 %), mp 181-182 ºC; IR: 1620 cm-1 (CONH), 1720 cm-1 (COOR); 1H NMR
(CDCl3): δ = 0.64-0.90 (1H, m, CH2), 1.06-1.31 (1H, m, CH2), 1.31-1.60 (4H,
m, CH2), 3.13-3.39 (3H, m, CH2), 3.80-3.93 (1H, m, CH2), 4.61 (1H, d, H-C, J =
10.8), 5.84 (1H, d, H-C, J = 10.8), 7.10 (1H, d, H-Ar, J = 7.7), 7.34-7.44 (3H, m,
H-Ar), 7.44-7.54 (3H, m, H-Ar), 7.59 (1H, dt, , H-Ar, J = 1.5, 7.6), 8.19 (1H, dd,
H-Ar, J = 1.4, 7.7). Anal. Calcd. For C21H21NO3 (335.40): C, 75.20; H, 6.31; N,
4.18. Found: C, 75.50; H, 5.98; N, 4.18.
cis-4-(Piperidine-4-carbonyl)-3-phenyl-isochroman-1-on (cis-4a). This compound was obtained as colorless needles from ethyl acetate (yield: 0.184 g, 61 %),
mp 281-282 ºC; IR: 1630 cm-1 (CONH), 1730 cm-1 (COOR); 1H NMR (CDCl3): δ
= 1.17-1.46 (6H, m, CH2), 2.70-2.80 (1H, m, CH2), 3,08-3.29 (2H, m, CH2), 3.373.46 (1H, m, CH2), 4.50 (1H, d, H-C, J = 3.5), 5.74 (1H, d, H-C, J = 3.5), 7.20 (1H,
dd, H-Ar, J = 1.3, 7.4), 7.38-7.52 (6H, m, H-Ar), 7.57 (1H, dt, H-Ar, J = 1.6, 7.4),
8.18 (1H, dd, H-Ar, J = 1.6, 7.5). Anal. Calcd. For C21H21NO3 (335.40): C, 75.20;
H, 6.31; N, 4.18. Found: C, 75.40; H, 5.90; N, 4.16.
trans-4-(Morpholine-4-carbonyl)-3-phenyl-isochroman-1-on
(trans-4b).
This compound was obtained as white crystals from dichloromethane/ethyl acetate (yield: 0.255 g, 85 %), mp 221-223 ºC; IR: 1630 cm-1 (CONH), 1720 cm-1
(COOR); 1H NMR (CDCl3): δ = 2.60-2.73 (1H, m, CH2), 3.04-3.49 (5H, m, CH2),
3.58 (1H, ddd, CH2, J = 2.9, 5.1, 11.4 Hz), 3.69-3.77 (1H, m, CH2), 4.56 (1H, d,
H-C, J = 10.9), 5.74 (1H, d, H-C, J = 10.9), 7.05 (1H, d, H-Ar, J = 7.7), 7.33-7.39
(3H, m, H-Ar), 7.41-7.46 (3H, m, H-Ar), 7.56 (1H, dt, , H-Ar, J = 1.5, 7.6), 8.30
(1H, dd, H-Ar, J = 1.3, 7.8, H-8). Anal. Calcd. For C20H19NO4 (337.37): C, 71.20;
H, 5.68; N, 4.15. Found: C, 71.67; H, 5.48; N, 4.14.
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cis-4-(Morpholine-4-carbonyl)-3-phenyl-isochroman-1-on (cis-4b). This compound was obtained as colorless prisms from dichloromethane/methanol (yield:
0.167 g, 56 %), mp 302-303 ºC; IR: 1635 cm-1 (CONH), 1720 cm-1 (COOR); 1H
NMR (CDCl3): δ = 2.44-2.61 (1H, m, CH2), 2.63-2.77 (1H, m, CH2), 3.14-3.41 (4H,
m, CH2), 3.43-3.63 (2H, m, CH2), 4.42 (1H, d, H-C, J = 3.5), 5.76 (1H, d, H-C, J =
3.5), 7.19 (1H, dd, H-Ar, J = 1.4, 7.3), 7.37-7.54 (6H, m, H-Ar), 7.58 (1H, dt, H-Ar,
J = 1.7, 7.4), 8.22 (1H, dd, H-Ar, J = 1.7, 7.5). Anal. Calcd. For C20H19NO4 (337.37):
C, 71.20; H, 5.68; N, 4.15. Found: C, 71.20; H, 5.35; N, 4.33.
trans-4-(Hexyl-4-carbonyl)-3-phenyl-isochroman-1-on (trans-4c). This compound was obtained as colorless needles from ethyl acetate (yield: 0.183 g, 61 %),
mp 171-172 ºC; IR: 1540 cm-1 (NH), 1650 cm-1 (CONH), 1720 cm-1 (COOR); 1H
NMR (CDCl3): δ = 0.89 (3H, t, CH3, J = 6,8), 1.03-1.39 (8H, m, CH2), 3.06-3.33 (2H,
m, CH2-N), 3.99 (1H, d, H-C, J = 8.3), 5.59 (1H, brs, H-N), 5.94 (1H, d, H-C, J =
8.3), 7.28 (1H, d, H-Ar, J = 7.5), 7.32-7.44 (5H, m, H-Ar), 7.45-7.54 (1H, m, H-Ar),
7.63 (1H, dt, H-Ar, J = 1.5, 7.6), 8.19 (1H, dd, , H-Ar, J = 1.4, 7.7). Anal. Calcd. For
C22H25NO3 (351.44): C, 75.19; H, 7.17; N, 3.99. Found: C, 75.48; H, 6.65; N, 4.12.
cis-4-(Hexyl-4-carbonyl)-3-phenyl-isochroman-1-on (cis-4c). This compound
was obtained as white crystals from ethyl acetate (yield: 0.202 g, 67 %), mp 200-201
ºC; IR: 1540 cm-1 (NH), 1650 cm-1 (CONH), 1730 cm-1 (COOR); 1H NMR (CDCl3):
δ = 0.85 (3H, t, CH3, J = 7,0), 0.91-1.04 (2H, m, CH2), 1.94-1.33 (6H, m, CH2),
2.84-3.06 (2H, m, CH2-N), 4.00 (1H, d, H-C, J = 3.4), 5.43 (1H, brs, H-N), 5.83
(1H, d, H-C, J = 3.4), 7.34-7.49 (4H, m, H-Ar), 7.49-7.59 (3H, m, H-Ar), 7.64 (1H,
dt, H-Ar, J = 1.5, 7.5), 8.24 (1H, dd, H-Ar, J = 1.5, 7.7). Anal. Calcd. For C22H25NO3
(351.44): C, 75.19; H, 7.17; N, 3.99. Found: C, 75.40; H, 6.47; N, 3.99
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Abstract. The effect of the elastic modulus on the stability of foam stabilized with
tetraethyleneglycol-octylether (C8E4) was studied in the concentration range 2x10-3 – 10-2
M. The life-time of foam was measured by the standard shaking method. The elasticity of
soap bubbles was measured by vibration using pendant drop tensiometer (PAT 1D module of
Sinterface Technologies, Ltd., Germany) with a frequency 0.1 Hz and an amplitude volume
2 mm3 in the same concentration range. A good correlation was found between the soap
film elasticity and the foam life-time profiles. The Gibbs elasticity and the elastic modulus
were compared. It was found that the Gibbs elasticity values are by an order of magnitude
larger that values of the elasticity modulus. The latter should be due to the faster adsorption/
desorption of the surfactant molecules compared to the speed of change of the bubble area.
Key words: Gibbs elasticity, Foam life-time, Surfactant, Soap Bubble, Thin Liquid
Film, elastic modulus

1. INTRODUCTION

The foam lifetime depends on the properties of the adsorption layers on the
liquid film surfaces separating the gas bubbles. It was found for example, that
upon increasing surfactant concentration the stability of foam sharply rises at the
onset of black films formation [1–3]. The latter formation enhances the Gibbs
elasticity and, consequently, the foam stability. The relation between the elastic
modulus of single bubbles in surfactant solutions and the durability of wet foams
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has been studied in the past decades see e.g. Refs. [4–13]. The elastic modulus
was measured by the vibration of bubbles with frequency up to 75 Hz [7]. It was
found that the wet foam becomes more durable with increasing elasticity of the
bubbles. The elasticity of planar foam films in a frame was measured firstly by
Mysels et al. [14, 15]. Fruhner et al. [11] found correlation between the lifetime of
foam lamellae and the dilational viscosity of the water/air interface as well. The
elasticity of single foam films was studied theoretically [16–21]. A correlation
between the elasticity of model planar foam films and the durability of wet foams
was found by Wang and Yoon [22]. However, experimental data on Gibbs elasticity of soap bubble are scarce in the literature. The present work aims at studying
the properties of soap bubbles, stabilized by C8E4 and correlating them with the
life-time of foam column generated from the respective surfactants solution.

2. THEORETICAL BACKGROUND
2.1. Elasticity modulus obtained by bubble vibration method
The Gibbs elasticity can be determined in two ways: (i) by sufficiently fast
expansion and/or compression of single or a foam bubble [21, 23]; and (ii) by
measuring the surface tension isotherm, coupled with theoretical processing of the
experimental data by means of an appropriate adsorption model (e.g. Ref. [24]).
The Gibbs elasticity as defined by Gibbs [16] can be presented as:

EG =

2dσ
d ln At

(1)

Where σ is the tension on each of the film surfaces, and At is the total area
of the film divided by the total amount of surfactant adsorbed on the two film
surfaces. For a mono-component system (one solute) Eq. (1) can be presented in
the following form:

EG = 4Γ 2

dμ
dG

(2)

Where Γ is Gibbs surface excess of the surfactant as regards the single water/air interface, G is Gibbs surface excess of the surfactant as regards the foam
film, and μ is the chemical potential of the surfactant at equilibrium. When the
foam film is sufficiently thick the film surfaces do not interact with each other and
the Gibbs elasticity of the film can be assumed to be the doubled Gibbs elasticity
of the single water/air interface. Such condition of the foam films can be observed
in wet foams at their very generation. Inversely, sufficiently dry foam consists of
thin films with interacting surfaces. In the latter case the disjoining pressure also
contributes to the Gibbs elasticity of the film. The Gibbs elasticity of the single
water/air interface, as mentioned above, can be measured by fast expansion and/or
compression of single (in the liquid phase) or soap bubble (in the gas phase). If
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the rate of expansion and/or contraction of the bubble surface is much larger than
the rate of surfactant adsorption, the bubble responds with maximal increase and/
or decrease of the surface tension, without any lag of the phase angle. This case
corresponds to the limiting dilatational modulus ε 0 , which is equal to the Gibbs
elasticity ( EG = 2ε 0 = −2dσ / d ln Γ )[25]. However, if the bubble is expanded
and/or compressed at a speed commensurable to or slightly less than the speed of
surfactant adsorption, a smaller change in the value of the surface tension, and a
certain phase lag, will be detected (in a case of repetitive expansions and compressions). In such a case the bubble has dilatational modulus ε .The dilation modulus
ε is a function of the frequency ω of bubble vibration [25]:

ε=

ε0
1 + 2 ω0 / ω + 2ω0 / ω

(3)

Where ω0 is adsorption frequency [26], which can be considered as the frequency of expansion/contraction with the same speed as adsorption/desorption
occurs. It is defined by:

ω0 =

D
⎛ ∂Γ ⎞
2⎜ ⎟
⎝ ∂c ⎠

2

(4)

Here D is surfactant diffusion coefficient and ∂Γ / ∂c is adsorption length.
Eq. has been derived for the case of adsorption layer near equilibrium [25, 27].
If ω = ω0 then ε / ε 0 = 1/ 5 = 0.446 . If the vibration of the bubble is as fast
as the adsorption of the surfactant molecules then ε = 0.446ε 0 . The adsorption is
considered as diffusion controlled process. The model of Lucassen and van den
Tempel [26] is derived on the assumption of diffusion controlled adsorption. Of
course the latter is approximation, due to the fact that an adsorption controlled
mechanism is possible as well. The surfactant under study in the present work is
tetraethyleneglycol octylether (C8E4). The adsorption length ∂Γ / ∂c was calculated by processing the experimental surface tension isotherm with SzyskowskiLangmuir adsorption model.
2.2. Elasticity modulus obtained by periodical expanding and shrinking
of foam film.
Mysels et. al.[14, 28, 29] were the first to develop an experimental method
for measuring the elastic modulus of soap films in a rectangular frame. Kitchener proved that one can measure the Gibbs elasticity by this method [30]. The
same method was adopted and applied by Prins et al. [31, 32]. The method was
advanced by adjusting it to spherical foam films (soap bubbles) [17, 20]. The sur-
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face tension of the film surfaces of an expanding bubble can be presented by the
expression [17]:
4

ΔP = σ ∑1/ Ri

(5)

i =1

Where ΔP is the pressure difference between the internal and the external
sides of the soap bubble, σ is the surface tension of each film surface, and Ri are
the radii of curvature – two for the internal and two for the external surfaces of
the soap bubble. The experiment consists in determining the surface tension as a
function of the total bubble surface A . The film volume is assumed constant. The
total number of surfactant molecules is kept constant with the expression [17]:

V0 c0 = V0 c + AΓ

(6)

Where c0 bulk concentration of the surfactant is V0 is volume of the film, c
is surfactant concentration within the film, Γ is total surfactant adsorption on the
two film surfaces. The following expression for Gibbs elasticity is thus derived
from Eq. (1) [17]:

At dσ
dc
(7)
V0 dc d ( At / V0 )
where c is the surfactant concentration within the soap bubble given by the
EG = 2

expression:

c=

1⎡
2
(1/ k + Γ ∞ At / V0 − c0 ) + 4c0 / k − (1/ k + Γ ∞ At / V − c0 )⎤⎥
⎢
⎦
2⎣

(8)

Where Γ ∞ is the surfactant adsorption close to CMC; k is the equilibrium
adsorption constant. The surface tension isotherm of the surfactant should be measured and the quantities Γ ∞ and k can be determined via Szyszkowski-Langmuir
equation of state. Hence, dσ / dc and dc / ( At / V0 ) can be determined to calculate EG . This approach is approximated because the contribution of gravity is
neglected. The latter force causes non-uniform distribution of the film thickness
and surfactant concentration upon the soap bubble surface. The contribution of
gravity was accounted later in Ref. [20] and a commercial apparatus for automatic
determination of the film tension was developed [20]. According to Eq. (7) the
Gibbs elasticity depends on the total area of the soap bubble. However, this should
be valid for small and sufficiently fast expansion of the soap bubble, as compared
with the speed of surfactant adsorption, i.e. at minute deviations from the thermodynamic equilibrium. At non-uniform film thickness distribution, due to the
gravity, a non-uniform distribution along the soap bubble of the Gibbs elasticity
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is present. Due to gravity, non-uniform allocation of the Gibbs elasticity over the
soap bubble is present at non-uniform film thickness distribution.
2.3. Gibbs elasticity obtained by a surface tension isotherm
The Gibbs elasticity is often presented in the form of Eq. (1). The Gibbs surfaces excess (adsorption) Γ can be obtained from the experimental surface tension isotherm ( σ vs c ) by means of an appropriate adsorption model. The basic
equation giving the relation between surface tension and Gibbs surface excess is
the Gibbs adsorption isotherm:
n

d σ = −∑ Γi d μi

(9)

i =1

where Γi is the surface excess of the ith component in the system, and μi is its
chemical potential. The adsorption model of Szyskowski-Langmuir was applied
in the present work. For a mono-component (one solute) system this model can
be expressed with:
(i) Langmuir adsorption isotherm

Γ = Γ∞

Kc
1 + Kc

(10),

and (ii) Szyskowski equation:

σ = σ0 − RT Γ ∞ ln (1 + Kc )

(11)

The equation of state (EOS, Eq. 11) can be presented as:

⎛
Γ ⎞
σ = σ 0 + Γ ∞ RT ln ⎜1 −
⎟
⎝ Γ∞ ⎠

(12)

Here Γ∞ is the maximum adsorption, at complete saturation of the monolayer;
c is the bulk concentration of surfactant; K is the equilibrium constant of adsorption and σ 0 is the surface tension of the pure solvent (water), R is the gas constant,
and T is the absolute temperature.
Hence the adsorption length d Γ / dc can be expressed by:

Γ∞ K
∂Γ
=
∂c (1 + Kc )2

(13)

This model accepts that the surfactant molecule have finite sizes, but do not interact. If one combines Eqs. and by the relation A = 1/ Γ , the limiting elastic modulus
ε 0 (called limiting Gibbs elasticity[20]) for soluble surfactants can be obtained:

ε0 = −

Γ ΓRT
dσ
= ∞
d ln Γ Γ ∞ − Γ

(14)
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3. EXPERIMENTAL
The stability of foams produced by aqueous solutions of C8E4 (produced by
Sigma-Aldrich Ltd) in the concentration range of 2x10-3 – 10-2 M and in the presence 10-5 M NaCl (produced by Sigma-Aldrich Ltd), was measured. The temperature during the experiment was kept constant at 25 °C.
The shaking test method was used to determine the foam stability. It includes
standartized (10-fold) shaking of flask of 50 ml volume, containing 20 ml of the
studied solution. The time interval from the formation of foam to the appearance
of free water surface is measured. This operation is repeated 10-times, and an
average value of the foam decay time is obtained. This method is very simple to
use and gives sufficiently good reproducibility. The surface tension isotherm was
determined by the Harkins-Brown method [33].
All the measurements were obtained using a commercially available profile
analysis tensiometer, (PAT 1 D module of Sinterface Technologies, Ltd., Germany) with a frequency of 0.1 Hz and amplitude of 2 mm3. The tensiometer consists
of (1) a mechanical unit for creating and controlling the test fluid–liquid interface
in a 2 cm x 2 cm x 2 cm cuvette made of optical grade silica, (2) an optical unit
for monitoring the evolution of the interface profile and (3) a computer with the
Sinterface software, PAT-1D and a data acquisition system for operating the instrument, storing the raw data for the interface profiles, and processing the data
off-line. The mechanical unit has a water bath for controlling the temperature. The
soap bubble is produced (see Fig.1) by a dual tube – a narrower internal tube situated in a wider external tube. The surfactant solution flowing in the external tube
is controlled by a syringe, while air flows through the internal tube, controlled
by another syringe. The two syringes are mounted on the panel of a motorized
pump, controlled by the computer. Once formed, the soap bubble was illuminated,
equilibrated and its image was captured by the CCD video camera, stored, and
processed by the computer software. The edge (the interface profile) of the bubble
was digitally identified with sub-pixel resolution and fitted with the numerical solution of the Young–Laplace equation, allowing the determination of the film tension, volume and area of the bubble. The cyclic time dependence of film tension
was determined by changing the bubble volume as a sinusoidal function of time.
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Figure 1. Sketch of the Profile analysis tensiometer system for studying elastic modulus of soap
bubble (not to scale).

4. RESULTS AND DISCUSSION
The surface tension isotherm of C8E4 is presented in Fig. 2 (the circles).
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Figure 2. Surface tension isotherm of C8E4 – experimental (circles) and computed.
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These experimental data were processed with the Szyskowski-Langmuir
equation of state:

σ = σ 0 − Γ ∞ RT ln (1 + kc )

(15)
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Fitting procedure with two matching parameters Γ ∞ and k was conducted via “Solver” option of Microsoft Excel. The theoretical curve is situated in Fig.1. The obtained values of the fitting parameters are Γ ∞ = 3.42 x10−6 mol/m2 and k = 25 m3/mol.
The corresponding adsorption length (see Eq. 13) and Gibbs elasticity (see Eq. 14)
are presented in Fig. 3.
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Figure 3. Adsorption length and Gibbs elasticity vs. concentration of C8E4

The experiments on expanding a soap bubble were conducted in the concentration range of 2x10-3–10-2 M C8E4. At lower surfactant concentrations the data
were either redundant or the soap bubbles were not stable.
By the present experimental procedure conducted with the commercial Profile Analysis Tensiometer (PAT 1 D module of Sinterface Technologies, Ltd., Germany), expressed in periodical expansion and contraction of the soap bubble with
frequency of 0.1 Hz, an average value of the film tension and Gibbs elasticity is
produced. The values of the Gibbs elasticity and the Foam life-time versus C8E4
concentration is presented in Fig. 4.
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Figure 4. Gibbs elasticity and foam life-time as a function of C8E4 concentration

One can see clear correlation between the foam lifetime and the elastic modulus curves. It should be noted here that the elastic modulus values obtained by this
method are averaged, due to the variable in time film thickness inhomogeneity
over the soap bubble during its expansion and shrinking.
The comparison between the Gibbs elasticity and the limiting elasticity (see
Eq. 14) is presented in Fig. 5:
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Figure 5. Gibbs elasticity

EG and elastic modulus ε vs. surfactant concentration.
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One can see the Gibbs elasticity is significantly larger than the elastic modulus.

5. CONCLUSIONS
The results hold several noteworthy points:
1. Evident correlation between the film elasticity modulus and the foam lifetime (see Fig. 4). The film elasticity profile has a minimum and maxima.
2. The Gibbs elasticity values are about 10-fold larger than the values of the
film elasticity modulus. This must be due to difference in the rates of surfactant
adsorption/desorption as regards to the speed of expansion/ compression of the
soap bubble. The speed of surface area variation is smaller as compared to the
surfactant adsorption/desorption.
The elastic modulus and the film tension of soap bubble, produced by aqueous
solution of C8E4 + 10-5 M NaCl, was found by cyclic expansion and compression
of soap bubble with a frequency of 0.1 Hz. A good correlation between the elasticity of soap bubble and foam lifetime was found. In addition, the Gibbs elasticity
and the elastic modulus were compared. It was found that the Gibbs elasticity values are by an order of magnitude larger that values of the elasticity modulus. The
latter should be due to the faster adsorption/desorption of the surfactant molecules
compared to the speed of change of the bubble area.
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Abstract: Hg(II)-ion imprinted polymer microbeads have been prepared by copolymerization of methacrylic acid as monomer, trimethylolpropane trimethacrylate as crosslinking agent and 2,2’-azobisisobutyronitrile as initiator, in the presence of Hg(II)-1-(2thiazolylazo)-2-naphthol complex. The separation and preconcentration characteristics of
the copolymers for inorganic mercury have been investigated by batch procedure. The optimal pH value for the quantitative sorption is 7. The selectivity of the copolymer toward
inorganic mercury(II) ion is confirmed through the comparison of the competitive adsorptions of CH3Hg(II), Cd(II), Cu(II), Ni(II), Pb(II) and high values of the selectivity and
distribution coefficients have been calculated. The recognition properties of the Hg(II)-ion
imprinted microspheres are compared to those of the Hg(II)-ion imprinted membranes.
The membranes are prepared by loading of Hg(II)-imprinted microbeads in the bulk or on
the surface of chitosan membranes.
Hg(II)-отпечатани микрочастици са получени чрез съполимeризация на метакрилова киселина като мономер, триметилолпропан триметакрилат като омрежващ
агент и 2,2’-азобисизобутиронитрил като инициатор, в присъствие на комплекса
Hg(II)-1-(2-тиазолиазо)-2-нафтол. Съполимерите са приложени за разделяне и концентриране на неорганичен живак(II). Оптималната pH стойност за количествена
сорбция на живак е 7. Установени са високи стойности на коефициентите на селективност на неорганичния живак спрямо CH3Hg(II), Cd(II), Cu(II), Ni(II) и Pb(II).
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Свойствата на Hg(II)-отпечатаните микросфери са сравнени с тези на Hg(II)-отпечатани мембрани. Мембраните са получени чрез включване на Hg(II)-отпечатаните
микрочастици в обема или върху повърхността на хитозанови мембрани.
Keywords: Solid phase extraction; Ion-imprinted polymer; Membrane; Preconcentration;
Inorganic mercury
INTRODUCTION

Mercury is one of the most toxic heavy metals for animals and humans, even
at low concentrations. It is included in all lists of priority pollutants, and different regulation and guidelines have been developed for limiting its level in water
and sediments [1]. Due to its trace amount and the influence of coexisting substances in real samples, the selective preconcentration and separation of mercury
ion are of great significance prior to analysis. Selective removal of toxic metal
from aqueous solutions is usually achieved by solvent extraction and solid phase
extraction (SPE). For metal extraction from dilute solution, the adsorption technique has greater applicability than traditional solvent extraction processes due to
its several advantages, such as higher enrichment factor, high retention capacity,
speed and simplicity, absence of emulsion, minimal cost due to low consumption
of reagents, flexibility and easy automation [2]. However, it should be noted that
the extraction efficiency and selectivity of this technique is strongly dependent on
the sorbent material used. Ion-imprinted polymers (IIP), as selective sorbents for
a particular chemical form of given element, help the solution of this problem.
The high selectivity of IIP could be related to the polymer memory effect toward
the metal ion interaction with a specific ligand, coordination geometry, metal ion
coordination number, charge and size [3]. Traditional application of IIPs in separation/preconcentration utilize polymer particles obtained by grinding and sieving
of synthesized block polymers [4], suspension [5] or precipitation [6] copolymerization. Generally, use of small polymer particles in separation processing is often
associated with generation of too high backpressures. The combination of the imprinting and membrane techniques would solve this problem. Kimaro et al. reported a uranyl ion (UO22+) selective membrane prepared by imprinting techniques
[7]. Goto et al. prepared a metal IIPM with porous solid support material through
water-in-oil emulsion polymerization using Zn(II) as a template ion [8]. Zhai et
al. proposed Zn(II)-2,2’-bipyridyl complex as the template, 4-vinylpyridyne as a
monomer and polyvinylidene fluorid membranes as a supporting material [9].
In the first part of this paper we report the synthesis of microspheric polymer
particles using methacrylic acid (MAA) as a monomer, trimethylolpropane trimethacrylate (TMPTMA) as a cross-linking agent, and 1-(2-thiazolylazo)-2-naphthol (TAN) as a specific ligand for Hg(II). The carboxylic group of methacrylic
acid were used to create the necessary interaction between the copolymer matrix
and the template. The extraction characteristics of the non-imprinted (blank P(B)),
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imprinted with TAN alone (P(TAN)), and imprinted with Hg(II)-TAN complex
(P(TAN-Hg)) polymer gels have been compared. The sorption and desorption
characteristics have been investigated using batch procedures. The mercury selectivity versus other interfering metal ions (Cd(II), Cu(II), Ni(II), Pb(II)) and
methylmercury (CH3Hg(I)) has been studied.
In the second part of the communication, the recognition properties of the
Hg(II)-imprinted microspheres are compared to those of the Hg(II)-imprinted membranes. The membranes are prepared by loading of Hg(II)-imprinted microbeads
in the bulk or on the surface of chitosan membranes. A method for the application
of inorganic mercury imprinted (P(TAN-Hg)) polymer gel for the determination of
inorganic and methylmercury in water samples has also been developed.
EXPERIMENTAL
REAGENTS

All reagents used were of analytical reagent grade. The stock standard solutions for Hg (II), Cd(II), Cu(II), Ni(II) and Pb(II) (1000 μg mL-1) were Titrisol, Merck (Germany), in 2 % HNO3. MAA, TMPTM, 2,2’-azobisisobutyronitrile
(AIBN), chitosan (Merck, Darmstadt, Germany), TAN, glutaraldehyde (25 %)
(Fluka A.G., Switzerland), methylmercury chloride (CH3HgCl) (Sigma-Aldrich,
USA) and acetonitrile (ACN) (Labscan, Ireland) were used without further purification. Redistilled water was used in all experiments.
APPARATUS

Flame atomic absorption spectrometric (FAAS) measurements were carried out
on a Perkin Elmer Zeeman 1100 B spectrometer (Germany) with an air/acetylene
flame. Continuous flow (CF) cold vapor atomic absorption spectrometric (CV AAS)
measurements were carried out on a Varian AA 240 atomic absorption spectrometer.
The centrifuge K-1000 (KUBOTA Corporation, Osaka, Japan, www.centrifuge.jp) was used to separate modified silica and extracted metal solution in batch
experiments.
A microprocessor pH meter (Hanna Instruments, Portugal) was used for pH
measurements.
A scanning electron microscope (SEM, JEOL JSM-5500, Japan) was used for
the determination of the microbead shape and size.
PREPARATION OF Hg(II)-IMPRINTED MICROBEADS

The imprinted polymer materials were synthesized as described earlier [10].
As template species (0.024 mmol) the complexes of the imprinted ion (Hg(II))
with TAN or TAN only were used (Fig. 1). Hg(II)-IIPs were prepared via dispersion polymerization using ACN (5 mL) as solvent, AIBN (3.45 mg) as initia167

tor, MAA (0.116 mmol) as monomer and TMPTM (0.186 mmol) as crosslinking
agent at T=60 ºC for 24 h. Non imprinted polymer sorbent (P(B)) was synthesized
in the same way as described above, in the absence of template.
Hg(II) was eluted from the prepared polymer networks by stirring with 10 mL 4
M HNO3 for 2 h. Then ion imprinted polymer particles were dried in a vacuum
oven at 60 ºC. The non-imprinted (P(B)) polymer particles were treated in the
same way. The yields were 88.6 % for P(TAN-Hg), 86,5 % P(TAN) and 85.7 %
for P(B). Using scanning electron microscopy, it has been shown that in all cases
the obtained microparticles are in the shape of microspheres. Their average diameters, determined from the micrographs, vary between 210 nm and 330 nm.
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Fig. 1. Scheme of the Hg(II)-IIP preparation.

PREPARATION OF MICROBEADS-MODIFIED
CHITOSAN MEMBRANES

The chitosan membranes M(CH) were obtained by a direct solvent evaporation of 2 g of chitosan solution (2 % w/w in 2 % acetic acid) in a Petri dishes
(internal diameter 3 cm). The formed membranes were then immersed for 24 h in
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1 M NaOH, in order to neutralize the excess of acid and they were washed twice
with bidistilled water. One of the membranes was modified by the deposition/
loading of P(TAN-Hg) imprinted microparticles (Fig. 2) after Hg(II) extraction.
Microspheres (10 mg) were suspended in acetone and deposited on the membrane
surface. After acetone evaporation the membrane-particles system (M(TAN-HgsCH)) was washed with disilled water to remove not perfectly attached particles.
The third membrane (M(TAN-Hg-iCH)) was prepared by loading of Hg(II)-imprinted microbeads in the bulk of chitosan membrane (Fig. 2) in the same way as
M(CH), but in the presence of P(TAN-Hg) microparticles.

A
B
C
Fig. 2. Schemes of the chitosan membrane – microbeads systems: A: Chitosan membrane
(M(CH); B: Hg(II)-IIP on the chitosan membrane surface (M(TAN-Hg-sCH)); C: Hg(II)-IIP in
the bulk of chitosan membrane (M(TAN-Hg-iCH)).

STATIC ADSORPTION AND DESORPTION TEST

A portion of the solution containing 0.1 μg Hg(II) was diluted to a 10 mL total
volume and pH was adjusted with buffer solution to the desired value. Polymer
particles of ca. 25 mg were added to this solution and stirred for 15 min with a
magnetic stirrer. The sample was centrifuged (3000 rpm), the supernatant was removed and the polymer gel was washed twice with redistilled water. The Hg(II)
was eluted from the sorbents with 2 mL 4 M HNO3. The eluate was transferred
in 10 mL volumetric flask and diluted up to the mark with doubly distilled water.
Hg(II) content in the eluate was determined by CV AAS.
Batch membrane studies were conducted by soaking chitosan membranes in
10 mL of Hg(II) solution at pH 7 for 24 h at a room temperature and with stirring
at 200 rpm. This period of time was chosen based on kinetics studies that showed
that the required time to reach equilibrium was approximately 10 h. The supernatant was removed and the membrane was washed twice with redistilled water.
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The Hg(II) was eluted from the membrane with 2 mL 4 M HNO3. The eluate was
transferred in 10 mL volumetric flask and diluted up to the mark with doubly distilled water. Hg(II) content in the eluate was determined by CV AAS.
SELECTIVITY EXPERIMENTS

A 20 mL solutions containing 0.1 μg Hg(II), 0.1 μg CH3Hg(I) and 20 μg Cd(II),
Cu(II), Ni(II) and Pb(II) were stirred with ca. 25 mg P(TAN-Hg), P(TAN), P(B)
(for 15 min) or M(CH), M(TAN-Hg-iCH) and M(TAN-Hg-sCH) (for 24 h) at
pH 7. The solutions were separated, sorbent materials washed twice with doubly
distilled water and elution performed with 2 mL 4 M HNO3. The concentration of
Hg(II) and CH3Hg(II) in the supernatant and eluate solutions was determined by
CV/HG AAS respectively. The concentration of metal ions in the supernatant and
eluate solutions was measured by FAAS.
EXTRACTION EFFICIENCY AND SELECTIVITY CHARACTERISTICS

The extraction efficiency (E) of Hg(II) ions is
E (%) = [(Ai _ Aeff)/ Ai] . 100 ,

(1)

where Aeff (μg) is the cation amount in the effluate solution after extraction by
P(X) (X = TAN-Hg, TAN, B) or by the different membranes from a solution with
a total cation amount Ai (μg).
The distribution ratio (D) is defined as
D = (Ai _ Aeff)/ Aeff

(2)

The binding capacity of the Hg(II)-IIPs is defined as the amount of the adsorbed Hg(II) ions per gram of the sorbent.
RESULTS AND DISCUSSION
1. Hg(II)- IMPRINTED AND NON-IMPRINTED MICROBEADS

1.1. Influence of pH on the sorption of Hg(II) with imprinted and non-imprinted polymer gels
Three synthesized sorbents: P(TAN-Hg) – imprinted with Hg-TAN; P(TAN) –
imprinted only with ligand (TAN) and non-imprinted P(B) were tested for Hg(II)
sorption from aqueous solution at various pH (3-9) in batch experiments, using
the procedure described in 2.4. The results obtained for the influence of pH on the
Hg(II) extraction efficiency (E) are presented in Table 1. It can be seen that E and
D values registered, when P(TAN-Hg) was used as a sorbent, are well above those
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for P(TAN) and P(B). These large differences in the values obtained confirm the
advantages of the imprinted with the TAN-Hg complex IIP – (P(TAN-Hg)) over
the imprinted with TAN (P(TAN)) and the non-imprinted one P(B) in the separation and preconcentration of Hg(II) ions.
Table 1. Comparison of the efficiency (E) and the distribution ratio (D) of Hg(II) extraction by
the polymer gels used. 25 mg polymer gel, 0.1 μg Hg(II), 2 mL 4 M M HNO3 as eluent.
Polymer

E, %

D

gel
pH 3 pH 4 pH 5 pH 6 pH 7 pH 8 pH 9 pH 3 pH 4 pH 5 pH 6 pH 7 pH 8 pH 9
P(TAN-Hg) 25±2 58±2 76±1 92±1 98±1 90±1 76±1 0.3
1.4
3.2 11.5 49.0 10.0 3.2
P(TAN) 24±2 46±2 53±2 48±2 39±2 35±2 33±2 0.3
0.9
1.1
0.9
0.6
0.5
0.4
P(B)

23±2 50±2 62±2 70±1 75±1 73±1 68±2

0.3

1.0

1.3

2.3

3.0

2.7

2.1

The values of E show that the polymer imprinted with TAN is not so effective
as those of the imprinted with the TAN-Hg complex (Table 1). Probably, EP(TAN-Hg)
>EP(TAN) (DP(TAN-Hg)>DP(TAN)) due to the configurations of the TAN molecules immobilized in gels using the Hg(II)-TAN complex and TAN molecules alone as
template species, are quite different. In the first case, the TAN molecule configuration in P(TAN-Hg) exhibits maximum activity for such complex formation as this
configuration is the same as in the complex. If the imprinting is performed with
TAN molecules only as the template species (P(TAN)), the fraction of the active
TAN molecule configuration for the complex formation is less than one. Some of
the gel-immobilized TAN molecules in this case are blocked for the formation of
the TAN-Hg complex (see Fig. 1). The reason for the inequality between P(TANHg) and P(B) (Table 1) is, however, quite different. Evidently, if P(B) is used for
Hg(II) sorption, the specific interaction between TAN and Hg(II) does not take
place, thus explaining low extraction efficiency observed.
The ratios EP(TAN-Hg)/E P(B) and DP(TAN-Hg)/DP(B) show maximum values in the pH
range from 6 to 7, but extraction efficiency reaches its highest value at pH 7 (Table 1). Therefore, pH 7 was selected for our further investigations. Comparison of
the extraction efficiencies (Table 1) of the tested sorbents shows that at higher pH
values (7–9) the E values decrease for P(TAN-Hg) and P(B), while for P(TAN) –
this decrease is at wider pH (5–9) interval. This could be related to the precipitation of the metal hydroxide and its quick decomposition to oxide.
1.2. Optimization of the experimental conditions for preconcentration of Hg(II)
The influence of various parameters (eluent volume and concentration, sorption and
desorption time) on the solid phase extraction efficiencies of P(TAN-Hg) for the preconcentration of Hg(II) from a 10 mL 1 μg mL-1 Hg(II) solution at pH 7 is investigated.
The effect of the eluent volume on the metal desorption was investigated in
the range of 2–10 mL 4 M HNO3 and the eluent acidity influence – in the range of
1.0–5.0 M HNO3. The full extraction efficiency of Hg(II) was reached when the
adsorbed Hg(II) was eluted with 2 mL 4 M HNO3.
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The kinetics of the Hg(II) sorption and desorption were investigated in a
batch system with 25 mg of the P(TAN-Hg) particles for 5–40 min. The adsorbed
Hg(II) ions were desorbed by treatment with 4 M HNO3 at continuous stirring.
The loading half time (t1/2), defined as the time required for reaching 50% of the
sorbent total loading capacity, is 3 min. It was established that the saturation values (i.e., equilibrium extraction efficiency) were gradually reached within 20 min,
so the Hg(II) adsorption was sufficiently fast for practical applications. The Hg(II)
ions could be quantitatively eluted for 20 min.
1.3. Competitive adsorption
In order to prove the selectivity of P(TAN-Hg), a competitive adsorption of
Cd(II), Cu(II), Ni(II), Pb(II) and CH3Hg(II) from their model mixture was investigated as well. Although these ions have the same charge, similar chemical properties and ionic radii, significant differences in their extraction characteristic E
were observed. The extraction efficiencies of Hg(II) with P(TAN-Hg) are much
higher than those of Cd(II), Cu(II), Ni(II), Pb(II), and CH3Hg(II). The greatest
difference is established between extraction efficiencies of Hg(II) and CH3Hg(II)
(97.5 % and < 3 %, respectively). The large size of CH3Hg(I) probably hinders
the ion diffusion and the ions can not reach the functional groups. The selectivity coefficients (calculated by eq. SHg/Me = DHg/DMe) are 1633, 114, 233, 73 and
132 for CH3Hg(II), Cu(II), Ni(II), Pb(II) and Cd(II), respectively. These results
unambiguously confirm the very good selectivity of P(TAN-Hg) toward the target
(imprinter Hg(II)) ions.
2. MEMBRANE – MICROBEADS SYSTEMS

Chitosan, (1→4)-2-amino-2-deoxy-b-D-glucan (Fig. 3), is a semisynthetic
polymer derived from chitin by deacetylation [11]. Chitosan–metal ion complex
formation occurs primarily through the amino groups of chitosan functioning as
ligands. Among factors controlling the level of this complex formation the most
important are: (1) the total amino group concentration in chitosan, which is dependent on the degree of deacetylation of chitosan, and (2) availability of amino
groups, which is dependent on the geometrical configuration of chitosan matrix
(powder, beads, fibers, membranes or soluble chitosan) and on the rate of metal
ion diffusion through the matrix [12]. Due to the presence of amino groups in
its molecules, chitosan is a cationic polyelectrolyte and it is soluble in aqueous
acidic media [13]. Therefore, the effect of pH on Hg(II) adsorption onto chitosan
membranes was studied in the pH range from 5–8 and the results are presented
in Fig. 5. As shown in Fig. 4, the extraction efficiency of mercury ions increased
with a pH ncreasing from pH 5 to pH 7. In acidic solutions, a strong competition
existed between metal ions and protons for sorption sites and the extraction efficiency was decreased. Moreover, the protonation of amine groups induced an
172

electrostatic repulsion of metal cations and reduced the number of binding sites
available for mercury metal ion uptake. When the pH of the solution increased,
the competition effect as well as the electrostatic repulsion decrease. The decrease
in extraction efficiency above pH 7.0 seems due to the precipitation of the metal
hydroxide. Therefore, the pH was adjusted to 7.0 in all subsequent studies.

Fig. 3. Molecular structure of chitosan.
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Fig. 4. pH-dependence of the extraction efficiencies of Hg(II) ions with M(CH): 20 mg M(CH),
d = 3 cm, 0.1 μg mL-1 Hg(II), 24 h.

173

Extraction efficiencies, distribution and selectivity coefficients of Hg(II),
Cd(II), Cu(II), Ni(II), Pb(II)and CH3Hg(II) of polymer microspheres (P(TANHg)) and of membranes non-loaded (M(CH) and loaded with Hg(II)-imprinted
microbeads in the bulk (M(TAN-Hg-iCH)) or on the surface (M(TAN-Hg-sCH))
are shown in Tables 2 and 3. Comparing the results obtained in these different kinds of membranes, it is evident that membranes prepared by loading with
P(TAN-Hg) on the surface of chitosan membrane have higher extraction efficiency and selectivity for Hg(II), than M(CH) and M(TAN-Hg-iCH), though they are
lower than those showed by free microparticles. These results could be related
to the fact that the loading itself reduces the exposed surface of the microspheres.
This effect is still greater when the loaded in the bulk membrane was used.
The comparison of the presented results in Table 2 shows, that the chitosan
high sorption ability suppresses the expected specific sorption of the investigated
ions (including of the imprinted ions) on the ion-imprinted particles included in
the chitosan membranes. Therefore, in the subsequent development of this investigation the chitosan will be exchanged with other suitable polymer membrane.
Table 2. Comparison of the efficiency (E) of metal ions extraction by the polymer particles and
membanes used (pH 7; 2 mL 4 M HNO3 as eluent; sorption time 24 h).
E, %

Sorbent
P(TAN-Hg)
M(CH)
M(TAN-Hg-sCH)
M(TAN-Hg-iCH)

Hg(II)
98±1
96±2
95±1
90±1

HgCH3(II)
<3
<3
<3
<3

Cu(II)
30±2
68±2
55±2
58±2

Ni(II)
17±3
50±3
42±3
39±3

Pb(II)
40±2
65±2
53±2
55±2

Cd(II)
27±2
46±2
40±2
41±2

Table 3. Distribution (D) and selectivity coefficients (SHg/Me) of
P(TAN-Hg), M(CH), M(TAN-Hg-sCH) and M(TAN-Hg-iCH) for Hg(II).
Me ion
Hg(II)
CH3Hg(II)
Cu(II)
Ni(II)
Pb(II)
Cd(II)

P(TAN-Hg)
D
SHg/Me
49
0.03
0.43
0.21
0.67
0.37

1633
113.9
233.3
73.1
132.4

D

M(CH)
SHg/Me

24
0.03
2.12
1.00
1.80
0.85

1633
23.1
49
27.2
57.6

M(TAN-Hg-sCH)
D
SHg/Me
13
0.03
1.22
0.12
1.12
0.67

1633
40.2
408.3
44.5
73.1

M(TAN-Hg-iCH)
D
SHg/Me
9
0.03
1.38
0.64
1.22
0.69

1633
35.5
76.6
40.2
71.0

ANALYTICAL FIGURES OF MERIT

The accuracy and precision of the proposed analytical procedure has been checked
by spike recovery method. Mineral water samples ca 200 mL were spiked with Hg(II)
and CH3Hg(II). Results obtained are presented in Table 4. The limit of detection
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achieved for Hg(II) determination (calculated as 3 times standard deviation of the
blank, 100 ml water sample) is 0.006 μg L–1 and the limit of determination is 0.02 μg L–1.
The relative standard deviation varied in the range 5–9 %. Neither Hg(II) nor CH3Hg(II)
were found in mineral waters above the presented determination limits.
Table 4. Added/found method for Hg(II) and CH3Hg(I) determination in mineral water “Bankya”
(pH 7, water samples 200 mL, elution with 2 mL 4M HNO3, three parallel determinations)
Sorbent
P(TAN-Hg)
M(TAN-Hg-sCH)

Added
0.1μg L-1 Hg(II) and
0.05 μg L-1 CH3Hg(II)
0.1μg L-1 Hg(II) and
0.05 μg L-1 CH3Hg(II)

Found Hg(II) (μg L-1)

Found CH3Hg(II) (μg L-1)

0.095±0.009

0.052±0.004

0.114±0.013

0.019±0.002

CONCLUSIONS

In the present paper the preparation of microspheric Hg(II)-IIP by crosslinking dispersion copolymerization of methacrylic acid and trimethylolpropane
trimethacrylate in acetonitrile and its application as adsorbent for the selective
separation and preconcentration of Hg(II) in water samples is reported. The most
important characteristic of the Hg(II)-IIP is its excellent selectivity towards Hg(II)
over Cd(II), Cu(II), Ni(II), Pb(II) and CH3Hg(II).
The recognition properties of the Hg(II)-imprinted microspheres are compared to those of the Hg(II)-imprinted membranes. The membranes, prepared by
loading of Hg(II)-imprinted microbeads on the surface of chitosan membranes,
showed the best extraction efficiency and selectivity to mercury ions.
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Abstract. A simple non-local theoretical model is developed considering concentrated ionic surfactant solutions as regular ones. Their thermodynamics is described by the Cahn-Hilliard theory coupled with electrostatics. It is discovered that unstable solutions possess two critical temperatures, where
the temperature coefficients of all characteristic lengths are discontinuous. At temperatures below the
lower critical temperature ionic surfactant solutions separate into thin layers of oppositely charged
liquids spread across the whole system and the electric potential is strictly periodic. At temperatures
between the two critical temperatures separation can occur only near the solution surface thus leading
to an oscillatory-decaying electric double layer. At temperatures above the higher critical temperature
as well as in stable solutions there is no separation and the electric potential decays exponentially.

The theory of the electric double layer [1] dates back to the classical works
of Helmholtz, Gouy, Chapman, Stern, Debye, Hückel and others. Due to general mathematical complications in dense systems, however, the applications are
mainly restricted to dilute ionic solutions, where the electric potential is described
via the Poisson-Boltzmann equation. The interactions between electric double
layers are also intensively studied as an important component of the inter-particle and colloidal forces [2]. Recently, significant attention has been attracted by
highly charged Coulomb mixtures, where many specific phenomena take place [3]
among them mono-species electric double layers [4]. General theories of charged
fluids are also developed [5–8], which account for ion correlations going beyond
the Poisson-Boltzmann theory. An interesting aspect here is the effect of nonelectrostatic interactions between the ions in the electric double layer expected
to become important in concentrated solutions. The aim of the present paper is
to develop a simple theoretical approach to concentrated ionic surfactant solutions based on electrostatics coupled with the regular solution model. The lat177

ter is described in accordance to the Cahn-Hilliard theory [9]. It is shown that a
temperature region exists where the electric potential is an oscillatory-decaying
function. At temperatures below this temperature region the spatial arrangement
of the ions is purely periodic thus indicating a complete phase separation to oppositely charged layers. On the contrary, at temperatures above this temperature
region the oscillations are completely damped and the electric potential decays
exponentially. On the borders of this temperature region the temperature coefficients of all characteristic lengths exhibit singularities, thus indicating a new type
of second-order phase-transitions.
The structure of concentrated solutions is rather complex and, for this reason,
it is difficult for theoretical modeling. Hereafter a simple model is developed,
which aims to describe the main features of the electric double layer in concentrated solutions of symmetric ionic surfactants. The latter dissociate in water completely to cations and anions with charges ± z , respectively. The electric potential
φ is related to the local charge density via the Poisson equation

ε0 εΔφ = ze(c− − c+ )

(1)

where ε 0 ε is the dielectric permittivity of the solution, Δ is the Laplace operator
and c− and c+ are the local concentrations of anions and cations. The further application requires a relation between the local ion concentrations and the electric
potential. In the frames of the regular solution model the electrochemical potentials of the ions can be presented in the forms

μ + = μ 0+ + k BT ln c+ + zeφ + ωc−2 / 2c∞2 − λΔc+ / 2c∞

(2)

μ − = μ 0− + k BT ln c− − zeφ + ωc+2 / 2c∞2 − λΔc− / 2c∞

(3)

Here T is temperature, c∞ is the in the bulk concentration far away from the
surface, ω is the interaction energy excess between ions and the last terms follow
from the Cahn-Hilliard gradient theory [9]. Note that the non-negative parameter λ is proportional to the surface tension between the two possible oppositely
charged solutions dominantly containing cations and anions, respectively. Since
these two charged liquids contribute equally to the surface tension on their common dividing surface, the elastic constant λ is the same in both electrochemical
potentials above. The presence of the last terms in Eqs. (2) and (3) is an indication
of non-locality because the electrochemical potential depends not only on the local concentration but also on the concentration distribution all over the solution.
The Cahn-Hilliard theory is an extension to mixtures of the general van der Waals
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density functional theory of non-homogeneous fluids [10]. It is a first approximation for non-locality but a very general one accounting for the leading effects of
the ion correlations. There are no restrictions of its application due to high concentrations. On the contrary, the Cahn-Hilliard theory is usually applied to condensed
phases since in dilute systems λ is negligibly small. If the explicit potentials of
the ion interactions are known it is a matter of integration [9] only to calculate
rigorously ω and λ .
The thermodynamic equilibrium requires constant values of the electrochemical potentials along the solution, which can be determined from Eqs. (2) and (3)
far away from the surface, where c− = c+ = c∞ and φ = 0 , i.e.

μ + = μ 0+ + k BT ln c∞ + ω / 2

μ − = μ 0− + k BT ln c∞ + ω / 2

(4)

Introducing these expressions back into Eqs. (2) and (3), respectively, leads to the
following expression for the electric potential

2 zeφ = k BT ln(c− / c+ ) − ω(c−2 − c+2 ) / 2c∞2 − λΔ (c− − c+ ) / 2c∞

(5)

Due to the strong electrostatic effects the local concentrations differ slightly from
c∞ and the first entropic and second enthalpic terms in Eq. (5) can be linearized
to obtain

2 zec∞ φ = (k BT − ω)(c− − c+ ) − λΔ (c− − c+ ) / 2

(6)

Finally, substituting the local concentration variations in Eq. (6) by Eq. (1) leads
to the following differential equations for the electric potential φ

−βλΔΔφ + 2(1 − βω)Δφ = 2κ 2φ

(7)

Here β ≡ 1/ k BT and κ ≡ (2 z e c∞ / ε 0 εk BT ) are the reciprocal thermal energy and Debye length, respectively. Note that Eq. (7) reduces to the linearized
Poisson-Boltzmann equation from the Debye-Hückel theory in the case of dilute
solutions, where ω = 0 and λ = 0 . Due to the first non-local term, however, it
goes beyond the local screening theories being proven to be inaccurate in concentrated ionic solutions.
Deep inside the solution the molar fraction of cations and anions are equal
due to electro-neutrality. Close to the surface, however, the specific adsorption of
surfactant ions induces decrease of surfactant ions concentration and increase of
the counterions one. To analyze the spatial patterns in the electric double layer
2 2

1/ 2
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close to the surface it is more convenient to apply the Fourier transform of Eq. (7)
which reflects into the following dispersion relation

βλq 4 + 2(1 − βω)q 2 + 2κ 2 = 0

(8)

for the wave vector q . In general Eq. (8) has four roots

q=±

± (1 − βω) 2 − 2βλκ 2 − (1 − βω)
βλ

(9)

Physically relevant roots are, however, ones with non-negative imaginary parts
since the Fourier components with qIm < 0 diverge at infinity. Since the real parts
of the physically relevant roots appear with opposite signs ± qRe , the dependence
of the electric potential near a flat surface acquires the form

φ = φs exp(qIm z ) cos(qRe z )

(10)

where φs is the surface potential and the solution occupies the lower half-space
z ≤ 0 . The boundary conditions of Eq. (7) to obtain Eq. (10) are a fixed surface
potential and purely exponential decay very near to the surface due to the requirement of space needed for building of another layer similarly charged to the surface.
If ω ≤ 0 , the solution is stable at any temperature. Since in this case the cation-anion attraction is stronger than the cation-cation and anion-anion ones, the
surface tension between the possible oppositely charged liquids should vanish.
Hence, in this case one can accept generally λ = 0 and Eq. (9) reduces to

q = i κ / 1 − βω

(11)

As seen, the wave vector is purely imaginary thus indicating simple exponential
2 2
1/ 2
decay of the potential. The decay length [ε 0 ε(k BT − ω) / 2 z e c∞ ] , however, is
larger than the Debye one due to the ion interactions, which obviously help the
entropy to diffuse the electric double layer.
More interesting is the case ω > 0 , where the solution can separate in two oppositely charged liquids at low temperatures. This case is especially relevant to surfactant
solutions since the surfactant ions are usually complex organic species. Hence, the
strong non-electrostatic attraction between them as well as the hydrophobic repulsion
between surfactant and strongly hydrated counter ions can result in a positive ω . If the
material parameters ω , λ , c∞ and ε are temperature independent constants, one can
introduce the following characteristic temperatures: the classical critical temperature
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Tc ≡ ω / k B and the split temperature Ts ≡ 2(λz 2 e 2 c∞ / ε 0 ε)1/ 2 / k B . Alternatively the
2
2 2
1/ 4
latter can be presented as Ts = 2λκ s / k B , where κ s ≡ κ(Ts ) = ( z e c∞ / ε 0 ελ ) .
Hence, k BTs is proportional to the mean energy of the electrostatic contribution to the
surface tension between the oppositely charged liquids. Using these notations Eq. (9)
can be rewritten as

q / κ s = ± 2(± t 2 − 1 − t )

(12)

where t ≡ (T − Tc ) / Ts . The Cahn-Hilliard parameter λ ∼ ωa = k BTc a is proportional to interaction energy ω and a length a , reflecting the typical distance of
the intermolecular interactions. Hence, introducing κ c ≡ κ(Tc ) the ratio between
1/2
the split and critical temperatures scales as Ts / Tc ∼ κ c a , while κ s ∼ ( κ c / a ) .
At c∞ = 0.1 M, z = 1 and a room critical temperature these estimates lead to
κ s ∼ κc = 1 nm-1 and Ts / Tc ∼ 0.1 at a ∼ 0.1 nm.
2

2

Fig. 1 The universal temperature dependence of the dimensionless components of the wave
vector

qRe / κ s

(dashed line) and

qIm / κ s

(solid line) on

t ≡ (T − Tc ) / Ts

In Fig. 1 the corresponding universal dependence of the physically relevant
real and imaginary parts of the dimensionless wave vector q / κ s are presented as
functions of the dimensionless temperature difference t . As seen for temperatures
below Tcb ≡ Tc − Ts the system decomposes of layers of oppositely charged liquids,
which spread out periodically across the whole liquid. In this case qIm = 0 and
181

qRe is inverse proportional to the thickness of the layers. Since the upper branch
corresponds to extremely thin layers, a realistic structure will be described by the
2
2
lower branch qRe ≤ 2 κ s . Such layers are a particular example of the lamellar structures formed by surfactants at high concentrations. For temperature above Tcb but
1/ 2
1/ 2
bellow Tcs ≡ Tc + Ts both imaginary qIm = κ s (1 + t ) and real qRe = κ s (1 − t )
parts are not zero thus indicating an oscillatory-decaying propagation of the electric
potential as described in Eq. (10). In this case the liquid separates to oppositely
charged layers only near the surface. At T ≥ Tcs , however, qRe = 0 and the potential becomes purely exponentially decaying but its decay length differs from the
2
2
Debye one. Here again the realistic value is qIm ≤ 2 κ s since at large temperatures
it tends asymptotically to κ . In general the symmetry rule qIm (t ) = qRe (−t ) holds.
At both new critical temperatures, the bulk one Tcb and the surface one Tcs , the
temperature coefficients of qRe and qIm are discontinuous, while at T = Tc the real
and imaginary parts are both equal to κ s . Note that a decrease of the ionic surfactant
concentration reflects in decrease of Ts . Hence, in relatively dilute solutions both
the new critical temperatures tend to the classical one Tc .
The present non-local model of concentrated ionic surfactant solutions as
regular ones is a simple and effective tool for description and understanding of
the complex structure of the electric double layer. Essential innovation in addition
of the Cahn-Hilliard gradient term is the coupling with electrostatics. The main
limitation of the theory is a linearization but even so it demonstrates interesting
and important results. In general, the described phase transitions are related to
spinodal decomposition of the ionic surfactant solutions to oppositely charged
liquids. However, in contrast to simple non-charged liquids it is favorable for the
ions to form thin layers instead of bulk phases since the coexisting phases are
charged solutions. The interplay between thermodynamic instability and electrostatics leads also to appearance of two critical temperatures spanning a temperature region, where the decomposition is only possible near the solution surface.
Such boundary induced phase-transition generates an oscillatory-decaying electric
double layer. Similar oscillatory-decaying dependence of the electrical potential
is observed in room temperature ionic liquids via computer simulations [11–13].
Moreover, singularities of the interfacial polarization are experimentally detected
in ionic liquids [14–16], which are explained also by demixing criticality [17]. An
interesting question remained open is what happens in highly concentrated solutions without non-electrostatic interactions between ions. Intuitively one would
expect that ω < 0 due to electrostatic repulsion and attraction between similar and
dissimilar charges, respectively. Computer simulations [18] have shown, however, that due to strong correlation effects purely Coulomb mixtures possess also
critical temperatures, under which phase separation takes place.
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ERMAKOV EQUATIONS IN QUANTUM MECHANICS
ROUMEN TSEKOV
Department of Physical Chemistry, University of Sofia, 1 James Bourchiers Blvd., 1164 Sofia, Bulgaria
Abstract. The Ermakov equation, appearing in quantum mechanics of a harmonic oscillator, is
extended via dissipative and thermal terms to take into account the effect of an environment.

More than a century ago Ermakov [1] has introduced an equation, which appears in many branches of modern physics [2, 3]. In quantum mechanics the Ermakov equation comes out in the case of a harmonic oscillator [4, 5]. The evolution of
the latter is usually described by the time-dependent Schrödinger equation

i ∂ t ψ = (− 2 ∂ 2x / 2m + mω02 x 2 / 2)ψ

(1)

where m is the particle mass and ω0 is the oscillator own frequency. The complex wave function ψ ( x, t ) can be presented generally in the polar form

ψ = ρ exp(iS / )

(2)

where ρ is the probability density and S is the wave function phase. Introducing
Eq. (2) in Eq. (1) the latter splits in two equations [6]

∂ t ρ = −∂ x (ρV )

(3)

m∂ tV + mV ∂ xV + mω02 x = −∂ x Q

(4)
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corresponding to the imaginary and real parts. The first equation is a continuity
one and V ≡ ∂ x S / m is the hydrodynamic-like velocity in the probability space.
Equation (4) is a macroscopic force balance, where Q = − 2 ∂ 2x ρ / 2m ρ
is the Bohm quantum potential. The solution of these Madelung equations

ρ = exp(− x 2 / 2σ 2 ) / 2πσ is a Gaussian probability density, which introduced
in Eq. (3) leads to an expression V = xσ / σ for the hydrodynamic-like velocity.
Substituting now both expressions for ρ and V in Eq. (4) results in the Ermakov
equation describing the evolution of the rms displacement σ
mσ + mω02 σ =

2

/ 4mσ3

(5)

Pinney [7] has found a general solution of the Ermakov equation. In the case of a
free quantum particle (ω0 = 0) the solution of Eq. (5) is the well-known expression,
describing ballistic spreading of a Gaussian wave packet, σ 2 = σ02 + ( t / 2mσ0 ) 2
.
The Madelung presentation of the Schrödinger equation opens a door for introduction of dissipative forces in quantum mechanics. Usually the friction force
of a particle in a classical environment depends linearly on the particle velocity.
Hence, one can add a friction force −bV in Eq. (4) to obtain [8, 9]

m∂ tV + mV ∂ xV + bV + mω02 x = −∂ x Q

(6)

where b is the particle friction coefficient. Thus one arrives to dissipative Madelung hydrodynamics. Substituting the expressions for ρ and V in Eq. (6) yields
a dissipative Ermakov equation [8-10, 3]

mσ + bσ + mω02 σ =

2

/ 4mσ3

(7)

In the case of a strong friction one can neglect the first inertial term in Eq. (7) and
the solution of the remaining equation is σ 2 = ( / 2mω0 ) 1 − exp(−4mω02t / b)
[11]. It describes the relaxation of an initially excited oscillator to the ground state.
In the case of a free dissipative quantum particle ( ω0 = 0 ) this solution reduces to
a known sub-diffusive law σ 2 =
t / mb [11].
Equation (7) describes a dissipative quantum oscillator at zero temperature.
In the case of a finite temperature the following thermal dissipative Ermakov
equation is obtained [9]
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mσ + bσ + mω02 σ = 2∂ β (1/ σ)b +

2

/ 4mσ3

(8)

where β = 1/ k BT and the subscript b indicates that the differentiation on β is
carried out at constant friction coefficient. This equation reduces to Eq. (7) at

T → 0 and its equilibrium solution σ∞2 = ( / 2mω0 ) coth(β ω0 / 2) corre-

sponds to the well-known expression from the quantum statistical thermodynamics. However, in the classical limit Eq. (8) differs from a well-known result. In the
case of thermo-quantum diffusion Eq. (6) can be generalized to [12]
β

m∂ tV + mV ∂ xV + bV + mω02 x = −∂ x (ln ρ + ∫ Qd β)b / β

(9)

0

Substituting here the expressions for ρ and V yields another Ermakov-like equation which provides the correct classical limit
β

mσ + bσ + mω02 σ = [1/ σ + σ ∫ (
0

2

/ 4mσ 4 )b d β] / β

(10)

The equilibrium solution of Eq. (10) is again σ∞2 = ( / 2mω0 ) coth(β ω0 / 2) .
In the high temperature limit both equations (8) and (10) reduces to

mσ + bσ + mω02 σ = k BT / σ +

2

/ 4mσ3

(11)

The equilibrium solution of Eq. (11) σ∞2 = [ 1 + (β ω0 ) 2 + 1] / 2β mω02 provides
the correct limits at low and high temperatures. This thermal dissipative Ermakov
equation is solved in the case of strong friction, where the first inertial term is
neglected [13].
Finally, the Ermakov equation allows exploring other dissipative models in
quantum mechanics. For instance, one can add in Eq. (5) a jerk term, heuristically
corresponding to the Abraham-Lorentz force [14], to obtain

mσ − r σ + mω02 σ =

2

/ 4mσ3

(12)

where r = e 2 / 6πε 0 c 3 , e is the particle charge and c is the speed of light. Thus,
Eq. (12) describes a charged quantum harmonic oscillator dissipating energy via
electromagnetic radiation.

187

REFERENCES
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.

Ermakov, V. P. Univ. Izv. (Kiev), 20, 1880, 1.
Leach, P.G.L. and K. Andriopoulos. Appl. Anal. Discrete Math., 2 2008, 146.
Haas, F. Phys. Scr., 81, 2010 025004.
Nassar, A. B. Phys. Rev., 32, 1985, 1986 Phys. Rev., 33 1986, 4433.
Schuch, D. SIGMA, 4, 2008, 043.
Madelung, E. Z. Phys., 40, 1927, 322.
Pinney, E. Proc. Am. Math. Soc., 1, 1950, 681.
Nassar, A. B. J. Phys. A: Math. Gen., 18, 1985, L509.
Tsekov, R. and G.N. Vayssilov. Chem. Phys. Lett., 195, 1992, 423.
Nassar, A. B. J. Math. Phys., 27, 1986, 755.
Tsekov, R. Int. J. Theor. Phys., 48, 2009, 630.
Tsekov, R. Int. J. Theor. Phys., 48, 2009, 85.
Messer, J.A. GEB Univ. Giessen, 2008, 6328.
Abraham, M. Theorie der Elektrizität (Leipzig: Teubner), 1905.
Received on March 19, 2010

188

ГОДИШНИК НА СОФИЙСКИЯ УНИВЕРСИТЕТ „СВ. КЛИМЕНТ ОХРИДСКИ“
ХИМИЧЕСКИ ФАКУЛТЕТ
Том 102/103, 2011
ANNUAIRE DE L’UNIVERSITÉ DE SOFIA “ST. KLIMENT OHRIDSKI”
FACULTE DE CHIMIE
Tome 102/103, 2011
_______________________________

PRELIMINARY TEST OF MODIFIED TiO2 PHOTOCATALYSTS IN
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Abstract: Vanadium and nitrogen doped TiO2 catalysts are synthesized and their
photocatalytic activity for destruction of trichloroethylene in gas-phase is tested for the
first time in a flat-plate flow-through reactor.
Keywords: photocatalysis, gas-phase, TiO2, V and N doped

INTRODUCTION

The titanium dioxide has been extensively investigated as a photocatalyst for
water and air purification. However, due to its wide band-gap, only ultraviolet light
(λ<390 nm) can be utilized to induce electrons and holes, which subsequently take
part in the destruction of pollutants. For the process to be more efficient and economical, the photocatalyst should be active in the visible region light, thus making use of
a greater part of the solar spectrum. One approach to achieve band-gap narrowing is
doping of TiO2 with transition metals ions such as V, Cr, Fe, etc. [1]. The transitionmetal-ion energy levels are positioned slightly below the lower edge of the conduction
band of TiO2. Another approach is to dope titania with anions of p-elements, such as
N, S, F [2–5]. Their energy levels are located slightly above the upper edge of the
valence band of TiO2. The photocatalyst can also be modified with both p- and d-ions
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[6–8]. The prevailing number of papers in the literature deals with photocatalysis in
aqueous phase [1–3,7,8], whereas a few authors report results in gas phase [4–6].
Here, the photocatalytic action of TiO2 doped with V, N, and both V and N
for destructing trichloroethylene in gas phase is investigated in a flat-plate flowthrough reactor using UV and visible light. The sophisticated experiments show
noticeable activity of doped photocatalysts in the UV-light region only.
EXPERIMENTAL

Titanium tetraisopropoxide (Aldrich) was used as precursor for TiO2. Doping with V was made with vanadylacetylacetonate, VO(acac)2, (Aldrich); triethylamine (Aldrich) was used as a source of nitrogen.
100 mL bidistilled water (Millipore) was transferred in a two-neck round-bottom
flask and H2SO4 was added to adjust pH to 2. Above the flask, an additional funnel
with a pressure equilibration tube was attached and Ti(OCH(CH3)2)4 was added in
the funnel. Then the precursor was added to the aqueous phase at a rate of about 1
mL/min. In the synthesis of V-doped photocatalyst, VO(acac)2 was dissolved in the
isopropoxide prior to the addition to the aqueous phase. The amount of V was 1% mol/
mol of that of Ti. The molar ratio H2O:Ti was approximately 56 times greater than the
stoichiometric one [9]. The mixture was kept at room temperature and under vigorous
stirring. When nitrogen was to be included as dopant, triethylamine was added in excess [2] two hours after the isopropoxide, N:Ti ratio being 2:1. Several hours later the
mixture was divided; one part was kept in the flask, the other one was put in a PTFE
autoclave and was hydrothermally treated at 137 °C for 24 hours [9]. Then the samples
were centrifuged and subsequently washed or they were evaporated, respectively, and
dry photocatalysts were obtained. They were calcined either at 400 °C for 1 hour or
just heated to 400 °C (for the hydrothermally treated samples) to burn out the remaining organic matter. Finally, the samples were ground in a mortar.
The photocatalyst powders were suspended in ethanol, sonicated for 1 hour
and supported on glass slides via drop-coating.
The activities photocatalytic films were valuated by measuring the rate of
decomposition of trichloroethylene (TCE) (Fisher, for analysis, > 99.8%), in air
in the presence of water vapor. The experiments were carried out in a narrow slit,
flat-plate, single-pass, flow-through photocatalytic reactor. The reactor set-up has
been described in detail elsewhere [10, 11].
Dry compressed air (BOC gases) was divided in three streams, one stream
passing through a Drechsel bottle containing ultrapure water for saturating the
stream with water vapor, the second stream passing through a gas washing Drechsel bottle to carry out the pollutant. These two streams were reunited to the third
stream and fed to the reactor. The humidity and TCE concentration were adjusted
by controlling the flowrates of these three streams, by means of electronic mass
flow controllers (Cole Parmer). The experiments were conducted in the reaction
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controlled regime, using a total gas flow rate of 1.23 l/min, relative humidity
6.5%, initial concentration of TCE of 15 μM. The reactor was illuminated through
a pyrex glass window (T%≈86%). Five fluorescent lamps (Philips TL 8W/08
F8T5/BLB, 1.2 W UV-A output, λmax≈365-370 nm) were used as the source of UV
irradiation. Five halophosphor fluorescent lamps (Sylvania, 8W, F8W/154 Daylight, λmax1≈405 nm, λmax2≈440 nm, λmax3≈545 nm, λmax4≈580 nm) were used as the
source of visible light, λ∈(390÷680 nm). Both lamps have identical input power
and dimensions (0.0155 m bulb diameter, 0.26 m effective bulb length). The pollutant concentration was monitored through GC-FID (Agilent Technologies, GC6890N equipped with a Flame Ionization Detector (250°C), with helium as the
carrier gas, and fitted with a GS-GASPRO capillary column, 30m and 0.32mm
i.d.). The reactor outlet gas samples were injected at 200°C through an automatic
sampling system. The reactor outlet stream was vented to the atmosphere.
The conversion of TCE was calculated from the reactor outlet GC signal for TCE
at steady state, in the absence and in the presence of irradiation. The as-prepared photocatalysts were compared with the commercial photocatalyst Degussa P25.
RESULTS AND DISCUSSION

Figure 1 shows the XRD diagram of TiO2 Degussa P25 and selected photocatalysts samples. All of the synthesized photocatalysts are of anatase crystalline
structure, whereas P25 consists of both anatase and rutile phases. No other phases
were formed as a result of the presence of the dopants.

Fig. 1. XRD diagrams for Degussa P25 and TiO2 doped with: 1%V/N; 1%V; N.

Figure 2 shows the conversion of TCE with time for P25 under UV light illumination. Figure 3 presents the data for the TCE destruction with time for TiO2 doped
with N under UV and visible light illumination. The maximum TCE conversion for
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several catalysts under UV illumination is presented in Table 1. It is clear that, under
the conditions of the experiment, all of the synthesized samples performed worse than
the commercial material. No activity under visible light irradiation was detected in our
experiment. Joung et al. [4] and Li et al. [5] have also reported visible light driven photocatalytic destruction of TCE in gas-phase, the former using N-doped TiO2 with ammonia
as source of nitrogen, and the latter using N and N-F doped TiO2 with urea and NH4F as
dopant precursors. It should be pointed out that they used recirculation reactor systems.
For the overall low rates of the photocatalytic processes under visible light, this could be
an important factor as in the flow-through reactor type the residence time of the pollutant
could not be enough for the degradation to be detected. However, this should not be the
case when UV light is utilized. This suggests that, in our experiment, either the synthesis
procedure has to be improved, or the conditions of photocatalytic experiments have to
be optimized, or the reason is a combination of factors.

Fig. 2. Conversion of TCE under UV irradiation with Degussa P25 as photocatalyst.

Fig. 3. Conversion of TCE with TiO2/N as photocatalyst.
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Table 1. Maximum conversion of TCE for different photocatalysts.
Catalyst

P25

N

1%V

2%V

1%V/N

TCE conversion, UV light (%)

~15

~9

~1.5

~1.5

~1.5
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Abstract. We investigate the interaction of the hydrophobic tetraphenylborate
anion (TPhB–) and tetraphenylphosphonate cation (TPhP+) with Langmuir monolayers
having positive and negative dipoles in the hydrophilic heads. The latter are created via
fluorination of the terminal CH3 groups of docosyl ethyl ester and docosyl N-ethyl amide.
Surface pressure/area and surface potential/area isotherms on pure water are compared
with those for subsolutions containing TPhB– or TPhP+. Small shifts of ΔVmax(H2O) at
maximum density of the films are found. As compared to the DPPC monolayers their
values are 4.1 times smaller for the ethyl amide and 9.5 times smaller for the ethyl ester
monolayer, which as DPPC show positive surface potentials on water. The negative dipoles
of the fluorinated FED heads do not reverse the specificity of the anion-cation interaction
of TPhB− and TPhP+ as predicted by the theory.
A non-electrostatic adsorption of both TPhB− and TPhP+ is registered for the ethyl
ester and DPPC monolayers, bearing CH3 terminals of the hydrophilic heads, but not for
the N-ethyl amide films having the same CH3 end groups. This observation suggests that
hydrophobic attraction between the CH3 terminals and the phenyl ligands causes the nonelectrostatic adsorption of both ions at ED and DPPC films, but the network of NH…O=C
hydrogen bonds of EA monolayers hampers this effect.
The surprising decrease of the positive values of ΔVmax(H2O) of the ED and DPPC
monolayers caused by adsorption of the cation TPhP+, is ascribed to its chaotropic action
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destroying the hydration structure of the polar heads and eliminating (reducing) the
contribution of oriented water dipoles to ΔVmax.
Keywords: Langmuir monolayers, Hydrophobic ions, Surface potential, Fluorinated
amphiphiles, Phospholipids.

INTRODUCTION

The hydrophobic ions are charged organic molecules which specifically interact with native and model membranes. It has been found that the anions adsorb
much stronger and traverse the membrane much faster than the cations with the
same charge and similar structure [1–3]. This specificity is ascribed to the positively oriented dipoles (plus sign inside) at the membrane surface [4]. The dipoleion interaction accelerates the transmembrane transport of the hydrophobic anions
but slows up the shipping of the cation. A decrease of the membrane dipole potential by 300 mV increases the rate of the anion traverse 100 000 times and slows
dawn the transport of the cation 1000 times [5].
In this paper we investigate the interaction of a couple of structurally similar
hydrophobic anion and cation with Langmuir films with positive and negative dipolar moments of the hydrophilic heads. The negative dipoles are created via fluorination of the CH3 terminals of the polar heads in a long chain ethyl ester and an
N-ethyl amide. The CF3 for CH3 substitution decreases the surface dipole potential
ΔV of the ethyl ester monolayer by 200% and yields a strongly negative ΔV value,
but increases the positive dipole potential in the N-ethyl amide films by 300%
retaining its positive sign [6,7]. One could expect that the corresponding dramatic
changes of the head-group dipole moments should significantly affect their interaction with hydrophobic ions, reversing the anion-cation specificity in the case of
trifluoroethylester, and increasing the adsorption of the anions at the monolayer/
solution boundary in the case of N-trifluoroethylamide. The ethyl docosanoate,
trifluoroethyl docosanoate, N-ethyldocosanamide, and N-trifluoroethyldocosanamide have the same С21Н43 straight chains and polar heads with similar size,
but both amide heads develop lateral networks via hydrogen bonds NH…O=C,
whereas the ethyl and trifluoroethyl ester heads do not form such bonds.
We chose to compare the interaction of the tetraphenylborate anion (TPhB–)
and tetraphenylphosphonate cation (TPhP+) with the above monolayers. They were
widely used to determine the dipole potential of lipid bilayers [4,8–11], because
of the same ligands, equal effective radii of 4.2 Å [12], and very close electrochemical properties [13, 14]. Their phenyl ligands (Figure 1a,b) simulate the hydrophobic core of such ion carriers as valinomicin and nonactin, which transport
inorganic ions through the hydrocarbon parts of the membranes. The K-nonactin
complex (Figure 1c,d) has four tetrahydrofuran nuclei forming a hydrophobic external core, which facilitates the transport of K+ ion through the membrane.
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Figure 1. Molecular models of: a) tetraphenylborate anion TPhB , b) tetraphenylphos- phonium
cation TPhP+, c) nonactin, d) К+-nonactin complex.

The ion-film interaction was characterized through the difference between the
surface pressure/molecular area π/A and surface potential/molecular area ΔV/A
isotherms on pure water and aqueous solutions of TPhB–and TPhP+.
MATERIALS AND METHODS

The following lipids were used as model monolayer membranes with positive
and negative dipoles of their polar hydrophilic heads:
- Ethyl docosanoate (ЕD), CH3(CH2)19CH2C(=O)OCH2CH3
- Trifluoroethyl docosanoate (FED), CH3(CH2)19CH2C(=O)OCH2CF3
- N-Ethyldocosanamide (EA), CH3(CH2)19CH2C(=O)NHCH2CH3
- N-Trifluoroethyldocosanamide (FEA), CH3(CH2)19CH2C(=O)NHCH2CF3
- 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
The FED, EA and FEA were synthesized at the Max-Planck Institute of
Colloids and Interfaces, Golm/Potsdam, Germany as described previously [6,7].
Synthetic ED with 99% purity and DPPC with 99% purity were purchased from
Sigma-Aldrich, Germany and used as received.
Tetraphenylphosphonium chloride (Aldrich, 98%) and sodiumtetraphenylborate (Fluka, ≥ 99.5%) were used without further purification. Mili-Q Millipore
water with specific receptivity of 18 MΩ was used for preparation of 1x10-4 M
ionic solutions. The monolayers were spread from 1х10-3 M chloroform solutions.
Five minutes were left for evaporation of CHCl3 before the films were compressed
at a speed of 2.2 Å2/molecule.min.
The π/А isotherms were recorded with a computer controlled Langmuir balance with a Teflon trough and Wilhelmy dynamometric system yielding sensitivity
of 0.2 mN/m. Each measurement was repeated 3-5 times until the molecular area at
given surface pressure coincided within 0.3 Å2/molecule. Parallel surface potential
isotherms ΔV/A were recorded using Kelvin’s vibrating plate method (at electrode
frequency of 150–200 Hz). The circular electrode with diameter of 5 mm was placed
1 mm above the aqueous phase, and ΔV was measured with resolution of 5 mV. The
liquid substrate was kept at 20.0 ± 0.1° C via temperature control system.
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THEORETICAL BACKGROUND

The free energy change of interaction of a hydrophobic ion with a membrane
ΔG can be written as a sum of two electrical and one non-electrical terms [4,15]:
ΔG = ΔGB+I + ΔGD + ΔGN

(1)

ΔGB+I is the Born-Image free energy change of transfer of the hydrophobic
ion from the aqueous phase with dielectric permeability ε = 80 into the hydrocarbon interior of the membrane with ε = 2. It is proportional to the square of the
ionic charge q2, its radius r and the depth of its penetration into the membrane x, so
it is positive and the same for the cation TPhP+ and the anion TPhB− having q = 1
and r = 4.2 Å.

ΔG B − I (x ) =

q2
2rεhfhf

2
⎡
r
⎛ r ⎞⎛ x ⎞ ⎤
1
1
.
2
−
−
⎜ ⎟⎜ ⎟ ⎥
⎢
⎝ d ⎠⎝ d ⎠ ⎦⎥
⎣⎢ 2 x

(2)

The neutral energy ΔGN accounts for the hydrophobic interaction between the
ligands of the hydrophobic ions and the hydrocarbon interior of the membrane. It
strongly depends on the depth of ion penetration x, ion radius r, and the constant
ΔGN0 standing for ΔGN at x = 0 that has values between −4 and −8 kcal/mol. Since
ΔGN0 < 0, ΔGN is negative for each penetration x > 0, i. e. it facilitates the adsorption and penetration of both hydrophobic ions into the membrane.

ΔG N0
ΔG N (x ) =
1 + 10
10 − 2 x / r

(3)

The dipolar free energy change ΔGD accounts for the interaction between the
hydrophobic ion and the membrane dipoles and depends on the dipole moment μ
of the latter and the charge of the ion q:

ΔG D ( x ) =

qμ
L
ε ( x)

(4)

ε(х) is a dielectric function characterizing the transition region between the
aqueous solution and the hydrophobic interior of the membrane, L is a lattice
function of the 2D-dipole layer on its surface. Equation 4 shows that when μ and
q have opposite signs ΔGD < 0 and the hydrophobic ion and the membrane dipoles
attract each other. The same sign of the hydrophobic ion and membrane dipoles
yields ΔGD > 0 and electrostatic repulsion.
RESULTS AND DISCUSSION

Interaction of the hydrophobic ions with monolayers with fluorinated and
non-fluorinated hydrophilic polar heads. Figure 2 presents the π/А and ΔV/А iso198
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Figure 2. π/А and ΔV/А isotherms of ЕD
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negatively
charged
TPhB– increases
(●), and aqueous solutions of the hydrophobic
the positive value of ΔVmax(H2O),
anion TPhB− (◊), and cation TPhP+ (∆).
and the positively charged TPhP+
decreases the positive ΔVmax(H2O) value.
The bottom panel of Figure 2 shows that TPhP+ and TPhB– do not displace
the π/А isotherms of the FED monolayer on water. This fact indicates a negligible
adsorption and penetration at/between the fluorinated polar heads. Nevertheless,
the cation TPhP+ increases the collapse surface pressure and stabilizes the FED
film, whereas the πcol values on water and TPhB– solution are the same. The ΔV/
А isotherms demonstrate that at the highest film density the cation TPhP+ does
not change ΔVmax(H2O), whereas the anion TPhB– increases the negative value of
ΔVmax(H2O). This result also contradicts the theory, because the dipole moments
of the FED monolayer μ < 0, the charge of the anion q < 0 and ΔGD > 0.
199

The effect of TPhP+ and TPhB– on ΔVmax(H2O) of the FED monolayer again
depends on its density. At 27 Å2/molecule one finds the following relationship of
the absolute values ⏐ΔV27TPhB–)⏐ > ⏐ΔV27TPhP+)⏐ > ⏐ΔV27(H2O)⏐. At the maximum film density before collapse one finds that⏐Vmax(TPhB–)⏐ > ⏐ΔVmax(TPhP+)⏐
= ⏐ΔVmax(H2O)⏐ (Table 1). As expected the adsorption of the anion TPhB– increases the negative value of ΔVmax(H2O) because of the negative charging of the
monolayer/solution boundary.
The effect of TPhP+ and TPhB– on ΔVmax(H2O) of the positive head-group
dipoles of EA again depends on the density of the films (Figure 3). At 48 Å2/molecule ΔV48(TPhB–) < ΔV48(H2O) < ΔV48(TPhP+), at 40 Å2 all three values match,
and at the maximum film density before collapse, ΔVmax(TPhB–) < ΔVmax(TPhP+)
= ΔVmax(H2O) (Table 1). The negative shift caused by the anion TPhB– is in qualitative agreement with eq. 4.
The impact of both hydrophobic ions on ΔVmax(H2O) of the fluorinated FEA is
smaller despite the almost five times higher ΔVmax(H2O) as compared to ΔVmax(H2O)
of the non-fluorinated amide (see Table 1). Below 30 Å2/molecule, where the films
are compact, the relationship ΔVmax(H2O) < ΔVmax(TPhP+) < ΔVmax(TPhB–) holds
up to the densest film packing. The absolute values of the shifts qualitatively follow the theory, but the adsorption of the negatively charged TPhB– increases the
positive value of ΔVmax(H2O).
Interaction of the hydrophobic ions with phospholipid monolayers. The influence of TPhP+ and TPhB– on the π/А and ΔV/А isotherms of DPPC monolayer is shown in Figure 4, confirming the previous literature data for these systems [16,17]. The π/A curve on water shows the well known phase transition
from liquid-expanded (LE) phase with chaotic chains to liquid-condensed (LC)
phase with closely packed zwiterionic heads and uniformly tilted closely packed
chains. The cation TPhP+ slightly shifts the low-pressure section of the steep part
of the isotherm to higher molecular area in contrast to the anion TPhB– which
considerably changes the region of the LE-LC phase transition. This difference
is probably due to the penetration of the TPhB– into the monolayer, caused by
the opposite signs of μ and q yielding a favorable negative dipolar term ΔGD <
0. The effect of TPhB– and TPhP+ on the ΔV/A isotherms again depends on the
density of the monolayer. At 90 Å2/molecule, where the surface pressure starts
rising, ΔV90(TPhB–) << ΔV90(H2O) < ΔV90(TPhP+). The same relationship holds
until the end of LE-LC phase transition, but changes below 50 Å2/molecule. At
42 Å2/molecule (dashed line) corresponding to maximal density before collapse
ΔVmax(TPhB–) << ΔVmax(TPhP+) < ΔVmax(H2O). Under such conditions TPhP+ also
decreases ΔVmax(H2O), but the effect of cation is 4.4 times larger than the one
of the anion. The fact that ΔVmax(TPhB–) << ΔVmax(TPhP+) qualitatively follows
the theory, because the DPPC heads have large μ > 0 and their interaction with
TPhB– , whose charge q < 0, yields large ΔGD < 0. The interaction of the DPPC
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Table 1. Average surface potentials at maximum density of ED, FED, ЕA, FEA and DPPC
monolayers on water and TPhB− and TPhP+ solutions.
ED
Subphase
solution ΔVmax
mV

FED

EA

FEA

Δ(ΔVmax) ΔVmax Δ(ΔVmax) ΔVmax Δ(ΔVmax)
mV
mV
mV
mV
mV

ΔVmax
mV

DPPC

Δ(ΔVmax) ΔVmax Δ(ΔVmax)
mV
mV
mV

Water

+315
±8

−

-295
±5

−

+200
±12

−

+965
±42

−

1x10-4 M
TPhB-

+325
±4

+10
(3 %)

-310
±9

+15
(5 %)

+170
±15

-30
(15 %)

+1025
±20

+60
(6 %)

1x10-4 M
TPhP+

+290
±1

-25
(8 %)

-295
±3

0

+200
±7

0

+1000
±29

+35
(4 %)

+605
±10
+260
±2
+525
±5

−
−345
(57 %)
−80
(13 %)

heads with the cation TPhP+ is much weaker because μ > 0, q > 0, and ΔGD > 0.
Similar specificity was previously found also for DPPC leptosomes [18], but the
authors of this study assume a complex formation between TPhB− and the choline
group that adds to the electrostatic attraction.
Comparison of the effects for all systems studied. The effect of the hydrophobic ions on the maximum surface potentials of the investigated monolayers
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Figure 4. π/А and ΔV/А isotherms of DPPC monolayers on water (●) and TPhB− (◊) and
TPhP+ (∆) aqueous solutions. The dash line designates the molecular area and surface pressure at the
maximal density of the films.

is compared in Table 1, presenting the average of 3-5 values of ΔVmax, as well
as their scatter and the percentage of change ΔVmax(ion) − ΔVmax(H2O) from the
ΔVmax(H2O) value. The main result is that the magnitude of the shifts for the ED,
EA, FEA и DPPC films having positive ΔVmax(H2O) and μ values dramatically
differ. The shift ΔVmax(TPhB–) − ΔVmax(H2O) = −345 mV, caused by the adsorption and penetration of the anion at the DPPC film is six times larger and opposite
in sign as compared to the shift of +60 mV on TPhB– solution for the fluorinated
amide FEA in spite of the largest ΔVmax(H2O) of the latter. The shift caused by the
anion TPhB− on ΔVmax(H2O) of the ethyl ester monolayer has also opposite sign
but a 35 times smaller value as the shift for the DPPC film.
A non-electrostatic adsorption that is not accounted by the theory is found
for the cation TPhP+ which specifically interacts with the ED, FEA and DPPC
monolayers having positive value of ΔVmax(H2O). However, one observes that
positively charged cation decreases the positive ΔVmax(H2O) values of the ED and
DPPC films, but increases the ΔVmax(H2O) of the FEA monolayer. Similar unexpected direction of the observed shifts were found for the anion TPhB–, whose
adsorption on the ED and FEA monolayers increases the corresponding positive
values of ΔVmax(H2O).
The unusual signs of the Δ(ΔVmax(H2O)) shifts point to an additional effect that
overcompensates the charging of the monolayer/solution boundary caused by the
adsorption/penetration of the hydrophobic ions. We hypothesize that this could be
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the chaotropic action of TPhP+ and TPhB– that (partially) destroys the hydration
structure of the polar heads and eliminates (reduces) its contribution to ΔVmax.
Our previous in situ investigation of the ЕD, FED, EA and FEA monolayers on
water via Grazing Incidence X-Ray Diffraction (GIXD) showed [19,20], that at maximum density they exist in the same S-phase with closely packed chains and the same
area per molecule. This similarity determines the same structural function L in eq
4. The dielectric functions ε(х) might differ but cannot change the sigh of ΔGN that
should be negative in all cases. However, due to the polycrystalline structure of the
ЕD, FED, EA and FEA monolayers the penetration of the large TPhB− and TPhP+ ions
is strongly delimited. This probably occurs along the “border lines” of the crystallites,
which are built up after spreading and form the uncompressed films.
CONCLUSIONS

The interaction of the hydrophobic ions TPhB− and TPhP+ with monolayers
of FED, ED, FEA and EA, whose polar heads have negative or positive dipole
moments, is weak and not always follows the theory. In spite of the huge range
(from −295 mV for FED to +965 mV for FEA) covered by their ΔVmax(H2O) values at maximum film density, the changes they cause vary from 10 to 60 mV. The
negative dipoles of the fluorinated FED heads do not reverse the specificity of the
anion-cation interaction of TPhB− and TPhP+ with this monolayer as the theory
predicts. The cation TPhP+ dos not change ΔVmax(H2O), the anion TPhB− adsorbs
causing a positive shift of +15 mV.
As found before the hydrophobic anion adsorbs at the zwiterionic heads of
DPPC much stronger as the cation; TPhB− reduces the positive ΔVmax(H2O) by
−345 mV, the shift caused by TPhP+ is −80 mV. Previous studies with DPPC liposomes [18] ascribe the predominant anion adsorption to steric reasons; TPhB−
easily approaches the terminal +N(CH3)3 groups of the zwiterionic heads, whereas
TPhP+ has to overcome a steric barrier of the latter in order to get closer to the
negatively charged РО4− groups.
The unusual signs of the Δ(ΔVmax(H2O)) shifts point to an additional effect that
overcompensates the charging of the monolayer/solution boundary caused by the
adsorption/penetration of the hydrophobic ions. We hypothesize that this could be
the chaotropic action of TPhP+ and TPhB– that (partially) destroys the hydration
structure of the polar heads and eliminates (reduces) its contribution to ΔVmax.
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Abstract. Langmuir monolayers of docosyl trifluororethyl ether (FEE) and docosyl
ethyl ether (EE) with the same CH3(CH2)21 hydrocarbon chains but fluorinated -O-CH2CF3,
respectively non-fluorinated -O-CH2CH3 polar heads, exhibit negative versus positive
dipole potentials and molecular dipole moments. The opposite dipoles of the FEE and
EE heads imply unusual behaviors of their mixtures, because the polar heads of almost
all natural amphiphiles have the same dipole orientation. Here we investigate the effect of
the head-head interactions between the FEE and EE heads on the phase state, miscibility,
and nanometer-scale structure of the FE-FEE binary films in uncompressed state after
spreading and in compressed state at 15 mN/m. Our Grazing Incidence X-Ray Diffraction
(GIXD) experiments show that the uncompressed films exist in L2’ and S solid phases
depending on composition, and only in the S-phase when the monolayers are compressed
to 15 mN/m. All areas per molecule determined via GIXD are determined by the hydrated
polar heads because they exceed the cross-section of the solid n-alkanes which do not have
polar terminals. The composition dependencies of the crystal lattice parameters point to
non-monotonous rotation of the all-trans -C-C-C- backbones with increasing of the FEE
molar fraction XFEE. The areas per molecule determined via GIXD at all compositions
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exceed the cross-section of the solid n-alkanes without polar terminals, demonstrating
the determining role of the hydrated polar heads. The calculated coherence lengths show
that the crystalline domains of both the uncompressed and compressed monolayers
are elongated in direction towards nearest neighbors. Specific composition effects are
observed at XFEE = 0.8, where the GIXD area per molecule Axy matches the molecular
area Aπ determined in the Langmuir balance, but significantly exceeds the cross-section
of the long n-alkanes in 3D crystals. This fact again relates the observed specificity to the
interactions between the polar heads which are absent in the alkanes.
Keywords: Dipole-dipole interactions in Langmuir films, Mixed Langmuir
monolayers, Fluorinated amphiphiles.

INTRODUCTION

Multicomponent Langmuir monolayers are useful models of biomembranes
[1–5]. Films containing fluorinated components are particularly interesting because
of their medical, environmental, and industrial applications [6-8]. Here we investigate binary mixtures of docosyl ethyl ether C21H43CH2OCH2CН3 (EE) and docosyl
trifluoroethyl ether C21H43CH2OCH2CF3 (FEE), whose polar heads yield positive,
respectively negative molecular dipole moments in Langmuir films [9], and the same
hydrocarbon chains keep the van der Waals interaction independent on composition.
Since almost all polar heads of the natural and synthetic amphiphiles have positively
oriented dipoles in spread or adsorbed monolayers [10], the dipolar interactions between the EE and FEE heads are extremely unusual. On this basis one could expect
non-trivial molecular structure and phase behaviors of the EE-FEE binary films.
Although weaker as the ion-ion and dipole-ion interaction the dipole-dipole interaction might be significant in Langmuir monolayers. It was shown that about 40% of
the spreading surface pressure of phosphatidylcholine vesicles originates from dipolar
repulsion between the zwiterionic heads [11]. The dipolar interaction determines the
size and shape of the liquid domains in cholesterol-phospholipid mixtures [12], and
plays a crucial role in the polymorphism of solid monolayers [13].
Our previous paper [14] has shown that the EE monolayer on water forms
a crystal L2’ phase with tilted closely packed chains after spreading, whereas
the uncompressed FEE film organizes in a crystal S-phase with closely packed
upright chains, which do not change their organization under compression. In
contrast, the EE monolayer exhibits L2’−S solid phase transition at 10 mN/m
adopting the molecular structure of the FEE film. The features of the individual
substances suggest that the binary monolayers might separate in tilted and upright
solid phases at low surface pressures, but form isomorphic molecular mixtures
with upright closely packed chains at high surface pressures. Our recent analysis
of the surface pressure-molecular area isotherms showed a non-ideal miscibility and specific molecular interactions at particular compositions of the FEE-EE
films [15]. In the present study we perform Grazing Incidence X-Ray Diffraction
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(GIXD) experiments in order to investigate the effect of the dipolar attractions on
the nanometer scale architecture of the FEE-EE binary films.
EXPERIMENTAL PART

C21H43CH2OCH2CН3 and C21H43CH2OCH2CF3 were synthesized and characterized at the Max-Planck Institute of Colloids and Interfaces as described in ref. 9.
Milimolar chloroform solutions of EE and FEE were mixed in particular ratios prier
to the experiment and the mixture was spread on Milli-Q-Millipore at molecular area
of ca. 70 Å2/molecule. After five minutes left for evaporation of the solvent the films
were compressed at 2.2 Å2/molecule.min. The GIXD experiments were performed
at fixed surface pressures automatically kept constant during the measurement by a
computerized Langmuir balance. The temperature of the water substrate in the Teflon
trough was maintained at 20.0 ± 0.1°C by a temperature control system.
The nanometer scale structure of the binary films was studied on the liquid
surface diffractometer at the undulator beam line BW1, at HASYLAB, DESY in
Hamburg, Germany. The phase state was determined from the number and position of the diffraction peaks [16]. A hexagonal LS phase consisting of upright molecules yields a single trifold-degenerate peak. The orthorhombic crystal phases
with tilted chains, L2’, L2”, and upright chains, S, CS, show two peaks, a nondegenerate Qn and a two-fold degenerate Qd one. The orientation of the chains is
determined from the vertical components Qz of the scattering vector. The LS, S
and CS phases are characterized by Qzn = Qzd = 0, the L2’ and L2” have at least one
non-zero Qz coordinate. A tilt to the next-neighbors (NN) yields Qzn = 0 and Qzd > 0,
the one to the next-nearest-neighbors (NNN) gives Qzn > 0 and Qzd > 0.
The positions of the maxima of the horizontal component of the scattering vector Qxy yield the repeat distances dhk = 2π/Qxyhk at given Miller indices h,k, and the
parameters of the primitive unit cell a, b, c, α, β, γ of the monolayer crystal lattice.
The orthorhombic (centered rectangular) lattice discussed latter is better described
by the distances between the nearest neighbors ar = a, the next-nearest neighbors
br = 2bcos(γ-90o), and the area per molecule at the water surface Axy = arbr/2.
For the NNN azimuth the tilt angle of the chains from the surface normal is determined from the formula τ = arctan(Qzn / Qxyn). When comparing the packing of
tilted and upright phases one uses the reciprocal lattice that is normal to the long
chain axes, because it removes the effect of the tilt. The reciprocal unit cell lattice
parameters are ar,n = ar, br,n = brcosτ, A0 = Axycosτ.
The full width at half maximum intensity (FWHM) of the horizontal peak
ΔQxy gives the coherent length ζ = 1.8π/ΔQxyhk characterizing the mean dimension
of the crystalline domains in a polycrystalline films [16]. The intrinsic FWHM
used to calculate ζ is obtained from the measured FWHM and the instrumental
resolution (ΔQxy)2 = (ΔQxy,msd)2 – (ΔQxy,ins)2. When ΔQxy{11} is used one obtains
ζ11 representing the average dimension of the crystalline domains in direction to207

wards the nearest neighbors, whereas ΔQxy{02} yields the average dimension ζ02
in direction next-nearest neighbors.
RESULTS AND DISCUSSION

Surface pressure/molecular area isotherms π/A at different composition of the binary films. Figure 1 presents several π/A isotherms illustrating the changes caused by
increasing of the molar fraction XFEE of the fluorinated ether. Our previous study [15]
has shown that the isotherms of the films with composition ХFEE ≤ 0.3 have kinks at πt,
typical for a solid-solid phase transition from tilted to upright closely packed chains. The
monolayers with ХFEE > 0.3 do not show such kinks, suggesting that they are organized
in a solid phase with upright chains in the whole range between π ≈ 0 and the collapse
surface pressure. This conclusion was supported by BAM images, demonstrating that
films with ХFEE ≤ 0.3 exhibit optical anisotropy at low surface pressure and isotropic
behaviors at high surface pressure. The monolayers compressed above πt are optically
isotropic at all compositions. The above findings determine the conditions of the present
GIXD study. They correspond to uncompressed monolayers at π = 0.2–0.3 mN/m and
A = 23 –25 Ǻ2, and compressed films at π = 15 mN/m (the dashed line).
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Figure 1. Isotherms surface pressure / molecular area π/A of binary EE-FEE films with different
molar fractions of FEE indicated in the plot. The dash lines denote an uncompressed state at
π = 0.2–0.3 mN/m, A = 23-25 Ǻ2, and compressed state at π = 15 mN/m.

GIXD analyses of the phase state and molecular structure of the binary films.
Figure 2 shows the contour plots of the diffraction for the uncompressed and compressed films which present the peak intensity as a function of the horizontal QXY
and vertical QZ coordinates of the scattering vector. The top left-side panel holds
for uncompressed films with 0 ≤ XFEE < 0.5, the bottom left-side panel stands for
uncompressed monolayers with XFEE ≥ 0.5. The right-side panels hold for compressed monolayers with 0 ≤ XFEE ≤ 1.0 at 15 mN/m.
Only two peaks, whose positions are characteristic for the crystal L2’and
S-phases having orthorhombic lattices, were found at all compositions for both
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Figure 2. Contour plots of the diffraction peak intensity versus the coordinates of the horizontal QXY
and vertical QZ scattering vector. Left: uncompressed films at 0.2 - 0.3 mN/m; left top holds for 0
≤ XFEE ≤ 0.3, left bottom for XFEE ≥ 0.5. Right: compressed films at 15 mN/m - the position of the
peaks is the same for 0 ≤ XFEE ≤ 1.0.

uncompressed and compressed states. This fact shows a phase independent complete miscibility. The chains in the uncompressed L2’ phase are tilted towards
the next-nearest neighbours at 0 ≤ XFEE < 0.5, but upright at XFEE > 0.5. The films
compressed to 15 mN/m are organized in the same S-phase with upright closely
packed chains at all compositions (see the inserts).
Figure 3a shows that at π = 0.2 mN/m the tilt angle τ of the chains from the
surface normal decreases linearly with increasing XFEE and vanishes for XFEE ≥
0.5. Above this molar fraction the uncompressed monolayers exist in S-phase. At
15 mN/m the chains are upright for 0 ≤ XFEE < 1.0. For the L2’ phase the area per
chain on the water surface AXY decreases with increasing XFEE and levels out to a
plateau at XFEE ≥ 0.5 (Figure 3b). The plateau values at 0.2 and 15 mN/m differ by
less then 0.1 Ǻ2, but exceed by 0.7 Ǻ2 the cross-section AHC of the long n-alkanes
in 3D crystals. Since the latter do not have polar terminals we conclude that the hydrated polar heads or gauche defects in the adjacent sections of the chains, which
cannot be registered via GIXD, determine the values of AXY. Figure 3c shows
that the composition dependencies of the chain cross-section A0 = Axycosτ, which
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Figure 3. Composition dependences of the lattice characteristics for uncompressed monolayers
(squares) and compressed films (circles). a) tilt angle τ of the chains from the surface normal,
b) GIXD area per molecule on the water surface AXY, c) cross-section of the chains A0 normal
to their long axis which is independent on the tilt.
Figure 4. Composition dependence of the distances between the nearest ar and next-nearest
neighbors br in the horizontal crystal lattice (Fig. 4a,b). The variation of the parameters of the
reciprocal lattice ar,n and br,n with XFEE is shown in Fig. 4a,c.

does not depend on the tilt, exhibits small but detectable via GIXD maxima. At
0.2 mN/m they display two maxima at XFEE = 0.1 and 0.8, at 15 mN/m they show
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only one maximum at XFEE = 0.8. Such extrema reflect conformation of the heads
which causes specific orientation, respectively interaction of their dipoles.
The unit cell parameters of the rectangular lattice ar and br and those of the
reciprocal lattice normal to the chains ar,n and br,n are presented in Figure 4 as a function of XFEE. Increasing the surface pressure from 0.2 mN/m to 15 mN/m enlarges
the distance ar = ar,n between the nearest neighbors, and shortens the distances br and
br,n between the next-nearest neighbors. The longer side of the unit cell br decreases
up to XFEE = 0.5 due to erection of the chains during the continuous L2’-S transition
occurring at 0.2 mN/m, and levels out in the S-phase at XFEE ≥ 0.5 (Fig. 4b). The ar,n/
XFEE and br,n/XFEE dependencies (Fig. 4a,c) have opposite curvatures which point to a
non-monotonous rotation of the all-trans -C-C-C- backbones with composition.
Figure 5 presents the composition dependence of the coherence lengths of the
crystalline domains in directions toward the nearest neighbors ζ11, respectively
next-nearest neighbors ζ02. The crystalline domains in both uncompressed and
compressed states are elongated in direction towards nearest neighbors. In the
uncompressed films their larger dimension varies between 445 and 1370 Ǻ, the
smaller one changes between 165 and 750 Ǻ. Compression to 15 mN/m improves
the crystalline order in both directions, increasing ζ11 and ζ02 up to, and above the
maximum values of the uncompressed monolayers.
The top panel ζ / XFEE dependencies can be qualitatively explained via dipolar
interactions of the EE and FEE heads. The number of the EE-FEE pairs increases
and their dipolar attraction rises up to XFEE = 0.5 and falls down above this molar
fraction. The number of EE-EE and FEE-FEE couples experiencing dipolar repulsion reaches minimum at XFEE = 0.5, so that the sum of all dipolar interactions
becomes most favorable for the crystalline order at this composition. Since the
above interactions depend on the orientation of the molecular dipoles they could
be responsible also for the observed anisotropy of the coherence lengths. The
maxima at XFEE = 0.2-0.3 and 0.8 of the ζ02 / XFEE dependence of the compressed
films (Figure 5b) demonstrate structural effects resulting from specific conformations of the head-groups, which improve the dipolar attraction.
Similar specificity was observed in the composition dependence of the mean
molecular area Aπ/XFEE obtained from the isotherms [16]. Figure 6 compares the Aπ/
XFEE and Axy/XFEE curves recorded at 15 mN/m. The molecular area measured in the
Langmuir trough strongly decreases above XFEE = 0.5, reaching a deep minimum at
XFEE = 0.8. In contrast Axy slightly rises above XFEE > 0.5 also reaching a week maximum at the same composition (c. Fig. 3c). The values of Aπ and Axy at the extrema
match, demonstrating that a limiting density of the upright solid S-phase is achieved
at XFEE = 0.8. The fact that even this limiting molecular area significantly exceeds
the cross-section AHC of the long n-alkanes in 3D crystals means that the above effect of the composition is due to specific reorganization of the head groups region.
However, this part of the binary films is “invisible” for the GIXD technique and
shall be investigated via IR reflection-adsorption spectrometry in our next paper.
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coherence lengths ζ11 and ζ02 representing the
3. The cross-section of the chains
average dimensions of the crystalline domains
A0 = Axycosτ, which does not depend on
in directions toward the nearest neighbors,
the tilt, exhibits week but measurable via
respectively next-nearest neighbors.
GIXD maxima; at XFEE = 0.1 and 0.8 for
the uncompressed, and at XFEE = 0.8 for
the compressed state. These extrema reflect specific interactions of the head-group
dipoles caused by changes of their conformation at particular compositions.
4. Both the uncompressed and compressed mixtures have longer coherence
lengths towards nearest neighbors, showing that the crystalline domains are elongated in this direction. The longer dimension of the uncompressed domains varies
between 445 and 1370 Ǻ, the shorter one - between 165 and 750 Ǻ. Compression
of the films to 15 mN/m improves the crystalline order, increasing both coherent
lengths to the maximum values of the uncompressed monolayers, and at particular
compositions even above them.
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Figure 6. Comparison of the composition dependence of the
molecular area recorded via Langmuir balance Aπ/XFEE at 15
mN/m and the corresponding Axy/XFEE dependence obtained via
GIXD.

5. The composition dependence of the molecular area recorded via Langmuir
balance Aπ/XFEE is much stronger then the corresponding dependence Axy/XFEE obtained via GIXD. The value of Aπ strongly decreases at XFEE > 0.5, reaching a
deep minimum at XFEE = 0.8, whereas Axy slightly goes up above XFEE > 0.5 and
achieves week maximum at the same composition. The values of Aπ and Axy at the
extrema are equal showing that the compressed mixtures achieve highest density
at XFEE = 0.8. Since the cross-section of all-trans n-alkanes in 3D crystals, which
do not have polar heads, is below Aπ = Axy we conclude that the above extrema are
due to specific changes of the interactions of the head-group dipoles which affect
their cross-section.
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Abstract. Metastable tin structures, designated as αin-Sn and βin-Sn , grown as small
particles by different reduction processes are investigated with transmission electron microscopy
and selected area electron diffraction (TEM with SAD) during long time of aging at room
temperature. The results are compared to the depth selective Mössbauer spectroscopy (DSMS)
and reflection high energy electron diffraction (RHEED) data registered from unheated and
heated vacuum evaporated thin 119Sn films. Series of cubic tin structures, αin-Sn close to α2-Sn,
and their structural transitions to βin-Sn, close to β2-Sn, and their transformations to other tin
structures during aging are described. Comparison of the electron diffraction results with the
DSMS data permits the identification of α3-Sn and its β3-Sn. Structural transitions of an αinSn to β-Sn and of a βin-Sn to γo-Sn are described. The data on different αin-Sn and βin-Sn are
expected to help further studies on the p / T diagram of tin.
Keywords. Sn / αj-Sn , βj-Sn / Electron diffraction/ Mössbauer effect /
1. INTRODUCTION

This report is a continuation of our efforts to gain additional crystallographic
information on some metastable structures of tin. These structures are detected
in thin tin films [1, 2] and are grown as small particles by different reduction
processes [3–6]. Some metastable tin states are found in other tin containing thin
215

films [7] and are observed to grow under the oxide crust of partially oxidized massive tin samples [8]. Information of these structures does not exist in the tin p /T
diagram [9, 10]. The growth conditions of thin tin films and small tin particles lead
to formation of metastable tin states which are expected to be stable at elevated
pressures /and temperatures/, according to the Oswald’s rule of stages [11].
Thin tin films: The results were obtained by depth selective Mössbauer spectroscopy (DSMS) and reflection high energy electron diffraction (RHEED) from
unheated and heated from 260 ºC to 600 ºC vacuum evaporated thin 119Sn films [1, 2,
12]. The DSMS data show unusually high values of the isomeric shifts δ explained
by participation of d electrons into the chemical bindings of the tin structures [1,2].
The tin structures were designated as αj-Sn, βj-Sn, (j = 1,2,3..), and γo-Sn:
– α1-Sn is the known α-Sn [13], 5-390. β-Sn [13], 4-637, was defined initially
as β1-Sn [1], but it appears that β1-Sn is to be a different structure.
– Each αj-Sn has a particular βj-Sn state.
– αj-Sn are considered as diamond cubic structures, isostructural to the known
α-Sn.
– the diamond cubic α2-Sn has lattice parameter a = 5.42 ± 0.06 Å and isomeric shift δ = + 4.4 ± 0.02 mm/s, (here and further relative to SnO2), [1,2]. Some
unheated 119Sn films can consist entirely of the diamond cubic α2-Sn, [2]. The
conditions for α2-Sn films growth are described in [14].
– β2-Sn is tetragonal with lattice parameters a = 5.42 Å and c = 4.95 Å and
with δ = + 5.2 ± 0.2 mm/s [2, 5]. It grows by heating of α2-Sn films up to 400°C.
– αj-Sn and βj -Sn with j ≥ 2 are with high values of the isomeric shifts.
– Crystallographic data of other αj-Sn and βj-Sn are not obtained by the thin
tin films studies. Part of the unusual isomeric shifts observed in heated 119Sn films
[2] remained unexplained by the hypothesis in [1].
– γo-Sn are several tin structures. They are treated as a tin / tin intermetallic
structures since theirs isomeric shifts are low, δ slightly more than + 1.0 mm/s.
Tin structures grown by different reduction processes: Conventional
Mössbauer spectroscopy, X-ray diffraction and TEM with SAD are used in the
studies of the metastable tin structures grown as small particles by different reduction processes [3-6].
Depending on the values of the isomeric shifts δ of the Mössbauer spectral
lines the metastable tin structures grown by a reduction process are defined as
α2-Sn-types and β-Sn-types [5]. α2-Sn-types and β-Sn-types are coexisting with
SnO2 in the reduction products of SnCl2 (or SnSO4) with Mg. The upper portion of
the reduction products of SnCl4 with NaBH4 contain α2-Sn-types, β-Sn-types and
SnO2, while the lower portion consists of SnO2 and β-Sn-types [6]. β-Sn-types,
SnO2 and a hint of α2-Sn- types are observed in the Mössbauer spectra of products
grown by reduction of SnCl2 with Al [4].
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Mössbauer and XPS data registered from products of all investigated reduction processes show that their later oxidation in air observed during many months
of aging at room temperature, is to tetravalent tin oxides only [5,6]. The tetravalent oxides grown on the surfaces of many metastable tin structures, especially on
the surfaces of the α2-Sn-types, are amorphous.
The reduction products of SnCl2 with Mg are the most thoroughly investigated systems since they contain the largest amount of α2-Sn-types. The products are
referred to as products type-A when α2-Sn is the prevailing α2-Sn-type of structure
and products type-B (C) when the α2-Sn-types are other αj-Sn and βj-Sn states [5].
One cannot predict in advance the type of tin structures which will grow after a
particular reduction of SnCl2 with Mg.
The initial studies of the metastable tin states in the various reduction products reveal that the polycrystalline α2-Sn is no more with a diamond structure, [5].
An α2-Sn → β2-Sn structural transition is observed during aging of polycrystalline
α2-Sn, [5]. Some structural changes of β2-Sn during aging are also reported, [5].
The existence of some tin states, resembling, but different from the known β-Sn is
described in [4]. These structures are defined as “excited β-Sn”. The high resolution Mössbauer spectra registered from the reduction products of SnCl2 with Mg
[15] show different values of the isomeric shifts δ as compared to the values
observed during the thin tin films studies [2]. The only exception is the value of
δ of β2-Sn - δ = + 5.2 ± 0.2 mm/s. It is observed both in heated thin tin films
consisting of β2-Sn [2] and in the reduction products of SnCl2 with Mg [15].
Tin structures grown by heating of massive tin: Some metastable states
of tin grow under the oxide crust of partially oxidized at 800 – 950ºC massive
tin samples where the strain between the solid oxide crust and the molten tin
promotes their growth. α2-Sn, β2-Sn, the α2-Sn → β2-Sn structural transition and
a polycrystalline cubic tin structure resembling the polycrystalline α2-Sn, with
a = 5.72 Å, are observed by TEM with SAD and by X-ray diffraction, [8].
The present report includes some new crystallographic data on a number of
metastable tin structures and their structural transformations during aging. The
DSMS data registered from the surfaces and the depths of unheated and heated
α2-Sn films [2] are the guide for interpretation of the structural transformations of
α2-Sn micro-particles observed during aging of different reduction products.
2. EXPERIMENTAL DETAILS

The experimental conditions for the growth of tin micro-particles are described in [3,4,5,6]. 20% aqueous solutions of SnCl2 or SnCl4 or SnSO4 are reduced with Mg or Al. Solid SnCl4 is added to a 5% aqueous solution of NaBH4.
The samples were investigated by X-ray photoelectron spectroscopy (XPS)
[6], Mössbauer spectroscopy [3,4,5,6], X-ray diffraction [3,4,5] and TEM with
SAD [3,4,5]. There are ambiguities in the interpretation of the electron diffraction
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results registered from tin products grown by using a metal as a reducing agent.
The last reduction products contain some chloride. The ambiguities are overcome
by analysis of the electron diffraction data obtained from the reduction products
of SnCl4 with NaBH4, [6]. The X-ray and electron diffraction investigations show
that the tin structures formed during the reduction of SnCl4 with NaBH4, [6],are
identical to the metastable tin states detected in the products grown by reduction
of SnCl2 with Mg and Al (or SnCl4 or SnSO4 with Mg), [3,4,5], a result which
permits to compare unambiguously the electron diffraction results on different tin
structures during aging.
The tin structures grown by different reduction processes are investigated
after their growth and during many months of aging. A TESLA BS-540 electron
microscope working at 80 kV is used for the TEM with SAD observations. The
errors in the interplanar distance measurements are about 1% for interplanar distances of the order of 1.5 Å or lower but are about 2% for interplanar distances of
the order of 3 Å. Interplanar distances which are equal or larger than 3 Å are corrected by the values of higher order reflection.
3. EXPERIMENTAL RESULTS

αin-Sn, βin– Sn structures
A number of polycrystalline Sn structures with cubic lattices are observed in
the products of different reduction experiments resembling closely the polycrystalline α2-Sn, [5]. They are detected either after a particular reduction process or after
aging of the reduction products. As discussed later in the text, we have observed
cubic structures with lattice parameters varying from a = 5.72 Å to a = 5.10 Å. The
notation αj-Sn requires an hole number of d electrons participating into the chemical bondings, (j =1,2,3..) [1]. αin-Sn, (intermediate Sn structures), is introduced for
those tin structures with lattice parameters different from those of α1 -Sn and α2-Sn.
βin– Sn defines the beta state of a particular αin-Sn. Later in the text they are described as: αin-Sn/ lattice parameter in Å, and βin– Sn/ both lattice parameters in Å.
Table 1 is a summary of the polycrystalline electron diffraction data of the
αin-Sn structures observed to grow during different reduction experiments. There
is also an αin-Sn /5.10 Å, which is not included in Table 1 since it is detected relatively rarely. The polycrystalline αin-Sn do not possess a diamond cubic structure.
Their electron diffraction patterns are similar to that of the defect polycrystalline
α2-Sn, [5]. As a rule, the permitted for a diamond cubic structure 111 reflection is
absent, but the weak forbidden 110 reflections appear occasionally in the diffraction pictures, Table 1.
Diffraction data of the observed βin-Sn states are included in Tables 2a and
2b. Occasionally, the strong 111 reflection of a βin-Sn is detected in the diffraction
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Table 1
Electron diffraction data registered from different αin – Sn micro-particles observed in the
products of reduction of tin chlorides with Mg, Al and NaBH4. αin- Sn are defect (see the presence
of the forbidden for the diamond structure 110 reflection and the absence of the permitted 111 reflection). Abbreviations for the relative intensities Irel: vs – very strong; s – strong; m-s – medium-strong;
m – medium; m-w – medium-weak; w – weak; vw – very weak. (dhkl )spots – Debye ring consisting
of limited number of diffraction spots.Such ring is either the 111 reflection of the βin – Sn of the
respective αin – Sn or rarely of another βin – Sn. Relative error: Δa/a ≈ 1 %.
Experimental values of dhkl Å / Irel, registered from different αin – Sn islands and compared to
the theoretical dhkl Å / hkl values
1
αin - Sn
a = 5.72 ± 0.06 Å
experiment / theory
dhkl Å/Irel; dhkl Å/hkl;
(3.23)spots
2.86/vs
2.02/vs
1.73/m
1.43/m-s

3.30 /111
2.86/200
2.02/220
1.73/311
1.43/400

1.27/w

1.28/420

2
αin - Sn
a = 5.54 ± 0.06 Å
experiment / theory
dhkl Å/Irel; dhkl Å/hkl;
3.85/vw 3.91/110
(3.11)spots 3.18/111
2.76 /s
2.77/200
1.96/vs 1.96/220
1.68/s-m 1.67/311
1.38/m 1.39/400
1.25/m 1.27/331
1.23/m

1.24/420

0.97/m

0.98/440
0.92/600,
442
0.87/620

0.92/m
0.86/m

3
4
α2 - Sn
αin - Sn
a = 5.42 ± 0.05 Å
a = 5.35 ± 0.05 Å
experiment / theory experiment / theory
dhkl Å/Irel; dhkl Å/hkl; dhkl Å/Irel; dhkl Å/hkl;
3.80/vw 3.83/110
(3.02)spots 3.13/111
2.70/s
2.71/200 2.69/s 2.68/200
1.91/s
1.93/220 1.90/s 1.89/220
1.62/m 1.65/311
1.35/m 1.37/400 1.33/m 1.34/400
1.23/m 1.25/331
1.21/m

1.21/420

1.10/w

1.11/422

0.90/w

0.94/m 0.95/440
0.90/600,
0.89/600,
0.89/w
442
442
0.86/620 0.84/w 0.85/620

0.85/w

1.20/m

1.20/420

5
αin - Sn
a = 5. 22 ± 0.05 Å
experiment / theory
dhkl Å/Irel; dhkl Å/hkl;
3.68/w 3.69/110
2.63/vs
1.84/vs

2.61/200
1.85/220

1.30/s

1.31/400

1.16/
m-s

1.17/420

0.92/w
0.86/w
0.82/w

0.92/440
0.86/600,
442
0.83/620

patterns of its or other αin - Sn, (compare the data in Table 1 with the values of d111
of the different βj-Sn in Tables 2a and 2b).
The errors in the dhkl measurements by electron diffraction and the complex
diffraction pictures of coexisting αin-Sn and βin - Sn structures registered during
aging of the reduction products makes it difficult to determine unambiguously the
number of all metastable αin-Sn structures. There are indications that an αin-Sn
/5.28 Å is formed during the gradual transformation of αin-Sn / 5.35 Å during aging. Similarly, aging of αin-Sn /5.22 Å leads to an αin-Sn with lattice dimensions
around a = 5.15 Å. There are data that the number of αin-Sn structures with lattice
dimensions from a = 5.54 Å to a = 5.66 Å could be three: αin-Sn /5.54 Å, αin-Sn
/5.60 Å and αin-Sn /5.66 Å. Further in the text these last αin-Sn structures are referred to as αin-Sn /(5.54–5.66) Å.
α2-Sn is the prevailing α2-Sn-type observed immediately after a reduction in
reaction products type-A. Small quantity of α2-Sn exists in the upper fraction of
the products of reduction of SnCl4 with NaBH4 where it coexists with αin-Sn /5.35
Å, αin-Sn / 5.22 Å, αin-Sn / 5.54–5.66 Å and with some βin-Sn states.
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Table 2a
Electron diffraction data registered from different βin - Sn islands observed in the products of reduction of tin
chlorides. The experimental values dhkl Å / Irel are compared to the theoretical dhkl Å / hkl values. The abbreviations and the relative errors are defined in the caption of Table 1. Additional abbreviation: l.sp. - local splitting
of the respective Debye ring; dhkl Å/partly - partly registered Debye ring.
1
2
3
4
5
βin - Sn
βin - Sn
βin - Sn
βin - Sn
βin – Sn (β2 – Sn)
a = 5.42 ± 0.05 Å
a = 5.31 ± 0.05 Å
a = 5.22 ± 0.05 Å
a = 5.22 ± 0.05 Å
a = 5.12 ± 0.05 Å
c = 4.95 ± 0.05 Å
c = 4.93 ± 0.05 Å
c = 4.77 ± 0.05 Å
c = 4.64 ± 0.05 Å
c = 4.64 ± 0.05 Å
experiment/theory
experiment/theory experiment/theory
experiment/theory
experiment/theory
dhkl Å / Irel; dhkl /hkl; dhkl Å / Irel; dhkl Å/ hkl; dhkl Å / Irel; dhkl Å / hkl; dhkl Å / Irel; dhkl Å /hkl; dhkl Å / Irel; dhkl Å /hkl;
4.82/w 4.93/001
3.05/s
3.03/111
2.99/s 2.99/111 2.95/s 2.97/111 2.94/s; 2.92/111 2.85/vs 2..85/111
l.sp.2.99
2. 72/s
2.71/200
2.65/s 2.66/200 2.64/m 2.63/200
2.61/s
2.62/200 2.57/vs 2.56/200
(2.40/w)s 2.39/002 (2.36)т 2.32/002
2.41/vw 2.38/210
2.29/w 2.29/201 2.23/m-w 2.24/201
1.96/w 2.00/112 1.95/vw 1.95/112
1.94/s
1.92/220 1.88/m 1.88/220 1.85/m 1.86/220 1.85/ partly 1.85/220 1.81/vs 1.81/220
1.85/m-w 1.83/022; 1.81/m-w 1.81/022 1.78/m 1.80/022 1.76/s; 1.76/022 1.69/s; 1.69/221
l. sp.1.80 1.79/221
l.sp.1.72
l.sp..1.73
1.63/partly 1.64/301
1.63/s
1.62/311
1.59/s 1.59/311 1.58/s 1.57/311
1.55/s
1.56/311 1.53/vs 1.53/311
1.52/m 1.52/222 1.50/m-s 1.51/113 1.49/m 1.49/222;
1.42/m 1.42/113
1.42/w 1.41/203 1.40/m-w 1.40/203
1.41/vw 1.41/320 1.32/w 1.32/203
1.36/w 1.36/400 1.34/m-w 1.33/400 1.33/m 1.31/400 1.30/m 1.31/400 1.28/m-s 1.28/400
1.31/w 1.31/401
1.24/m-w 1.24/004 1.22/m-w 1.23/004
1.16/s
1.16/004
1.22/m-w 1.20/331 1.19/m-w 1.19/331;
004
1.22/w 1.21/420
1.14/s
1.15/420
1.18/m 1.19/402 1.16/w 1.17/133 1.16/m-w 1.16/402 1.13/l.sp. 1.15/133 1.11/s
1.12/402
1.14;1.12
1.05/partly 1.06/204
1.10/m 1.09/422 1.07/w 1.07/422 1.06/m-w 1.06/422 1.04/m 1.05/422 1.02/s
1.03/422
1.04/m 1.04/511; 1.02/w 1.03/224 1.01/m-w 1.01/511 1.00/w 1.00/511; 0.98/s
0.98/511
224
224

αin-Sn /5.35 Å, αin-Sn /5.22 Å, αin-Sn /5.54 - 5.66 Å and rarely αin-Sn /5.10
Å and their respective βin-Sn exist in the reduction products type-B (C). Small
quantities of the former αin-Sn and βin-Sn states, predominantly αin-Sn /5.22 Å and
αin-Sn /5.54 - 5.66 Å, are observed in the reduction products of SnCl2 with Al.
αin-Sn /5.72 Å is observed in the reduction products of SnCl2 with Al only.
Systematic electron diffraction studies performed during many months of aging of different reduction products at room temperature have shown that α2-Sn
is the most stable metastable cubic tin structure. αin-Sn /5.72 Å appears to be the
next in the row of stability.
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Table 2b
The same as Table 2a, but the observed βin - Sn lattice parameters are larger then that of β2 - Sn. The abbreviations
and the relative error are defined in the captions of Tables 1 and 2a.
1
βin - Sn ( β2 - Sn)
a = 5.42 ± 0.05 Å
c = 4.95 ± 0.05 Å
experiment / theory
dhkl Å / Irel dhkl /hkl

2
βin - Sn
a = 5.60 ± 0.05 Å
c = 5.07 ± 0.05 Å
experiment / theory
dhkl Å / Irel dhkl Å/ hkl

3.05/s
2. 72/s
1.94/s
1.85/m-w
л.сц.1.80
1.63/s

3.03/111
2.71/200
1.92/220
1.83/022;
1.79/221
1.62/311

1.52/m

1.52/222

1.55/w

1.42/w
1.36/w

1.41/203
1.36/400

1.38/w

1.31/w

1.31/401

1.24/m-w

1.24/004

1.27/w

1.22/w

1.21/420

1.21/w

1.18/m
1.10/m

1.19/402
1.09/422
1.04/511;
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1.04/m

3
βin - Sn
a = 5.72 ± 0.05 Å
c = 5.02 ± 0.05 Å
experiment / theory
dhkl Å / Irel
dhkl Å / hkl

4
βin - Sn
a = 5.80 ± 0.05 Å
c = 5.23 ± 0.05 Å
experiment / theory
dhkl Å / Irel
dhkl Å /hkl
4.04/vw
4.08/110
3.23/vs
3.23/111
2.89/vs
2.90/200
2.05/vs
2.05/220

3.11/s
2..81/s
1.97 /s

3.12/111
2.80/200
1.98/220

3.16/s
2.86/s
2.02/ s

3.15/111
2.86/200
2.02/220

1.87/m

1.87/022

1.90/m

1.89/022

1.94/m

1.94/022

1.67/s

1.67/311
1.55/222;
113

1.70/s

1.70/311

1.73/s

1.73/311

1.58/m

1.58/222

1.62/m

1.60/113

1.43/m

1.43/400
1.39/410;
1.38/401

1.44/m-s

1.45/400

1.30/m-s

1.30/331

1.33/m-w

1.31/004;
1.32/331

1.27/m-s

1.28/420

1.30/m-w

1.30/420

1.40/400

1.38/m-s
1.28/004;
331
1.20/133;
1.22/402

1.11/w

1.12/422

1.24/m-s
1.14/m

1.24/402
1.14/422

1.28m-w
1.16/w

1.27/402
1.16/422

1.06/w

1.07/511

1.09/m-s

1.10/511

1.12/w

1.11/511

The changes of the structures of α2-Sn and β2-Sn during aging are the first
source of information of the interrelations between the different αin-Sn and βin-Sn.
All αin-Sn transform themselves in their respective βin-Sn by an αin-Sn → βinSn structural transition almost identical to the α2-Sn → β2-Sn transition discussed
in [5], Fig. 1. As the α2-Sn → β2-Sn transition, the αin-Sn → βin-Sn transitions
are complicated coexistences of sheet textures of the respective αin-Sn and βin-Sn
structures. These structural transitions appear to be of the displacement type.
Beginning of an α2-Sn→ αin-Sn /5.22 Å structural transition is shown in Fig. 2.
Such a transition is detected relatively rarely. Fig. 2 shows the splitting of the 200 and
220 reflections of α2-Sn in a particular direction on the sample surface. The data are :
α2-Sn a = 5.42 Å
hkl / dhkl Å
200 / 2.71
220 / 1.92

αin-Sn / 5.22 Å
hkl / dhkl Å
200 / 2.63
220 / 1.86
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Fig. 1 αin-Sn /5.25 Å → βin-Sn /a =
5.25 Å, c = 4.77 Å structural transition
observed after three months of aging of
the reduction products of SnCl2 with Al.
It is almost identical to the α2-Sn → β2-Sn
transition discussed in [5]. Part of the tin
products are at the boundary crystalline /
amorphous state of the matter.

Fig. 2 SAD showing an α2-Sn → αin-Sn /5.22 Å structural transition observed in an α2-Sn
island.

Fig. 3 Structural transition observed by
splitting the diffraction lines registered
for the relatively more unstable αj-Sn
/5.54 Å. A β-Sn is formed during that
transition.

αj – Sn /5.35 Å is unstable. Structural transition of α2-Sn to αin-Sn /5.35 Å has
not been observed.
Structural transition observed by splitting the diffraction lines as shown in
Fig.2, is registered for the relatively more unstable αin-Sn /5.54 Å, Fig. 3. It was
provoked by the electron beam radiation. A β-Sn is formed during that transition.
Structural transitions of the type illustrated by Figs 2 and 3 appear to be first order
phase transitions.
Complicated α2-Sn supper-lattices are observed in large flat α2-Sn drops several days after a reduction experiment type-A. Flat tin drops are formed either dur222

ing the reduction process or some α2-Sn single crystals transform themselves into
drops during the electron beam radiation. β-Sn crystallizes after a while in molten
under the electron beam α2-Sn single crystals.
The structural changes of αinSn /5.72 Å are of the same type as those of α2-Sn
but they take place about ten days after a reduction of SnCl2 with Al.
The initial βin-Sn structures described in Tables 2a and 2b can be considered
as tetragonal with a (βin-Sn) ≈ a (αin-Sn) but with c (βin-Sn) < a (αin-Sn).
A βin-Sn /a = 5.80 Å, c = 5.23 Å is described in Table 2b. It is detected in the
products of reduction of SnCl2 with Al and is observed side by side with αin-Sn
/5.72 Å and its βin-Sn structure. The αin-Sn /5.80 Å is observed in heated above
400°C thin tin films where the DSMS spectra show the line of β-Sn only, [2].
β2 – Sn is the most stable βj – Sn structure. Several months of aging decrease
its lattice symmetry, [5]. A structural change of β2 – Sn can lead to formation of
another tetragonal structure with lattice parameters a = 4.80 Å and c = 4.40 Å. The
structural change involves disappearance of the 111 reflection of the initial β2 – Sn.
Table 3 includes diffraction data of β2 – Sn, (columns 1) and diffraction data of the
transformed to the new tetragonal lattice βin – Sn/ a = 4.80 Å and c = 4.40 Å, (columns 2). Similar structural changes are observed for βin - Sn /а = 5.66 Å, с = 5.15 Å,
(columns 3). The structural change of βin – Sn /а = 5.66 Å, с = 5.15 Å leads to formation of βin – Sn /а = 5.12 Å, с = 4.64 Å, as shown by the indexing in column 4.
Diffraction photographs of the initial βin – Sn structures and the resulting structures
formed after the structural transformations are illustrated in Figs. 4.
Other structural changes of β2 – Sn are taking place after several months of
aging leading to formation to different βin – Sn states, coexisting with β2 – Sn.
They are βin – Sn /а = 5.25 Å, с = 4.95 Å and βin – Sn /a = 5.04 Å, с = 4.60 Å.
Separate islands of βj – Sn /а = 5.04 Å, с = 4.60 Å are detected in reduction products of SnCl2 with Mg, type B (C).
βin – Sn /а = 5.35 Å, с = 4.95 Å shows a tendency for transition to βin – Sn /а
= 5.25 Å, с = 4.95 Å. The changes of βin – Sn /а = 5.25 Å, с = 4.95 Å during aging are via a series of transitional βin – Sn structures and follow approximately the
following pattern:
βin – Sn /а = 5.25 Å, с = 4.95 Å → βin – Sn І /а ≈ 5.25 Å, с ≈ 4.80 Å →
βin – Sn ІІ /а ≈ 5.25 Å, с ≈ 4.60 Å →
βin – Sn III /а ≈ 5.15 – 5.10 Å, с ≈ 4.60 Å → βin – Sn IV /а ≈ 5.05 Å, с ≈ 4.60 Å.
The lattice parameters of the last two βin – Sn structures are very close which
leads to ambiguities in the interpretation of the structural composition of reduction
products containing both structures.
It is observed that βin - Sn І and βin – Sn ІІ coexist with β2 – Sn when α2 – Sn
→ β2 – Sn structural transition takes place after more than an year of aging of reduction products of SnCl2 with Mg, type A.
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Table 3
Electron diffraction data illustrating the change of the structure of β2 - Sn and βin - Sn / a = 5.66 Å, c = 5.15 Å
to other crystalline states of tin. The abbreviations and the relative errors are defined in the captions of Tables 1 and 2.
1
β2 – Sn
a = 5.42 ± 0.05 Å
c = 4.95 ± 0.05 Å
experiment / theory
dhkl Å / Irel
dhkl /hkl
3.02/s
3.03/111
2.70/s
2.71/200
2.49/vw
2.49/002
2.42/210
2.38/w
2.38/201
2.08/vw
2.08/112
1.90/s
1.92/220
1.82/m
1.83/022;
1.78/w
1.79/221
1.70/122;310
1.63/s
1.62/311
1.58/103
1.52/m
1.52/222
1.48/w
1.46/302
1.43/w
1.44/321
1.38/w
1.36/400
1.32/w
1.25/m-w
1.23/w
1.19/m
1.12/w
1.09/m
1.04/m

1.32/410
1.24/004;331
1.21/420
1.19/402
1.16/412
1.13/204
1.09/422
1.08/430
1.04/511

2
transformed state
a = 4.80 ± 0.05 Å
c = 4.40 ± 0.05 Å
experiment / theory
dhkl Å / Irel
dhkl Å/ hkl
2.70/s

2.69/111

2.41/vs

2.40/200

1.71/vs
1.63/w
1.60/w

1.70/220
1.62/022
-

1.45/vs

1.44/311

1.35/w

1.35/222;113

1.20/m

1.20/400

1.16/w

1.16/410

1.10/w
1.08/w
1.05/w

1.10/004;531
1.07/420
1.04/402

3
βin - Sn
a = 5.66 ± 0.05 Å
c = 5.15 ± 0.05 Å
experiment / theory
dhkl Å / Irel dhkl Å / hkl
2.85/m-s
2.55/m-s
1.81/m-s
1.72/m
1.68/w
1.53/s
1.42/m

2.83 / 200
2.57 / 002
1.81 / 122
1.71 / 310
1.69 / 311
1.52 / 302
1.42 / 400

1.28/m
1.17/m
1.14/m
1.11/m
1.02/m
0.97/m
0.85/w

1.29 / 331
1.17 / 204
1.14 / 422
1.11 / 510
1.00 / 440
0.95 / 044
0.86 / 006

4
transformed state
a = 5.12 Å
c = 4.64 Å
experiment / theory
dhkl Å / hkl
2.85 / 111
2.56 / 200
1.81 / 220
1.72 / 022
1.69 / 221
1.53 / 311
1.42 / 113;
1.43 / 222;
1.28 / 400
1.16 / 004
1.145 / 420
1.12 / 402
1.03 / 422
0.98 / 224;511
0.86 / 531;
0.85 / 600

Complicated sheet texture, suggesting displacement type structural transition
of βin – Sn /a = 5.72 Å, c = 5.02 Å is observed in reduction products of SnCl2
with Al after several days of aging. Figs. 5 show the observed diffraction photograph and its indexed sketch. A γo – Sn /a = 4.04 Å, c = 3.76 Å is formed. The
[110] texture axis of βj - Sn /a = 5.72 Å, c = 5.02 Å is at right angle to the [001]
texture axis of γo – Sn /a = 4.04 Å, c = 3.76 Å. Separate single crystal diffraction
photographs of γo – Sn /a = 4.05 Å, c = 3.76 Å are detected suggesting that it is a
relatively stable crystalline state of tin.
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Figs. 4
4.a Diffraction photograph of β2 – Sn (the data are included in columns 1, Table 3);
4.b Diffraction photograph of a tetragonal tin structure with lattice parameters a = 4.80 Å and
c = 4.40 Å, obtained after a structural transformation of β2 – Sn (data in columns 2, Table 3)
4.c βin – Sn /а = 5.66 Å, с = 5.15 Å diffraction photograph, (data in columns 3, Table 3);
4.d βin – Sn /а = 5.12 Å, с = 4.64 Å diffraction photograph, (data in column 4,
Table 3), obtained after a structural change of βin – Sn /а = 5.66 Å, с = 5.15 Å.
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Figs. 5
5.a
Sheet
texture,
suggesting
displacement type structural transition of
βin – Sn / a = 5.72 Å, c = 5.02 Å to γo – Sn
/a = 4.04 Å, c = 3.76 Å. The [110] texture
axis of the βin – Sn is at right angle to the
[001] texture axis of γo – Sn.
5.b Indexed sketch of the structural
transition.
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4. DISCUSSIONS

The structural changes of α2-Sn and β2-Sn microparticles grown by different reduction processes observed during aging can be compared directly to the
structural transitions observed by DSMS and RHEED in heated α2-Sn thin films,
[2]. α2-Sn thin films are grown from a tin source at 830°C, at an evaporation
rate 2 Å/s, [14]. They do not change their structure during months of aging at
room temperature. α2-Sn clusters are to be responsible for the growth of α2-Sn
films. High temperature /high pressure macroscopic experiments at temperatures
< 830°C should be performed to establish the area of existence of α2-Sn in the
/ /T diagram of tin.
Heating of α2-Sn thin 119Sn films leads to faster structural changes of α2-Sn
than the disorder introduced into its lattice during the gradual structural transformations of the α2-Sn micro-particles observed during aging at room temperature.
The isomeric shift δ of α2-Sn increases gradually during heating at 260°C and
reaches a value of 4.9 mm/s for 6 hours heating time. The main quantity of α2-Sn
in the observed reduction products of various reduction processes is defect. It is
no more diamond cubic and one should not expect its isomeric shift to be the
theoretical δ = + 4.4 ± 0.02 mm/s, [1]. The data in [2] suggest that its value is to
be larger. Therefore, the interpretation of the precise Mössbauer results in [15] are
to to be modified according these results.
The observations in the present investigation confirm the former results in [5]
that the disproportion of α2-Sn to β2-Sn in the reduction products requires several
months of aging at room temperature. The disproportion of α2-Sn (isomeric shift
δ = 4.4 mm/s) to β2-Sn (isomeric shift δ = 5.2 mm/s) is observed in heated upto
400°C 119Sn films, [2]. β2-Sn is the only one metastable tin structure grown by a
reduction process with the theoretical value of its isomeric shift observed both from
thin films and from tin products grown by different reduction processes, [1,2, 15].
The results of the present investigations define the lattice parameters of α3-Sn
and β3-Sn. α2-Sn (δ = 4.40 mm/s) transforms itself into α3-Sn (δ = 6.3 mm/s) in
heated for more than five hours at 300°C 119Sn films, [1, 2]. This structural change
of α2-Sn to α3-Sn is about an order of magnitude more rare as compared to the disproportion of α2-Sn to β2-Sn. αin-Sn / 5.22 Å is to be α3-Sn according to the rarely
observed structural transition α2-Sn→ αin-Sn /5.22 Å shown in Fig. 2. β3-Sn (δ =
6.82 mm/s) is observed in heated for about 6 hours at 260°C tin films, coexisting
with a tin state with δ = 4.78 mm/s,[2]. The lattice parameters of β3-Sn grown by
an α3-Sn → β3-Sn structural transformation are to be β3-Sn/a = 5.22 Å , c = 4.77
Å according to the results of the present investigations. It would be interesting to
analyse the existence of α3-Sn and its α3-Sn state in the phase diagram of tin.
The DSMS data confirmed by the electron diffraction results suggest that these
structures could be also high temperature, high pressure tin states.
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The DSMS results show that isomeric shifts in the region of δ of γo – Sn are
observed in heated α2-Sn films, [2]. DSMS and RHEED show that γo – Sn exist in
thin tin films with initial γo – Sn and α1-Sn / γo – Sn structures, [2]. The structural
transformation of β2-Sn discussed in connection with Table 3 show that tin structures with lattice parameters close to the lattice parameters of γo – Sn can grow
by a structural transformation of β2-Sn. Fig.5 shows that a γo – Sn is formed by a
structural transformation of βin – Sn/ a = 5.72 Å, c = 5.02 Å.
The precise Mössbauer data in [15] do not consider the existence of α1-Sn
micro-particles in the investigated reduction products. The registered isomeric
shift δ = 2.2 mm/s is considered as part of the α-SnO doublet. α1-Sn micro-particles could exist inside the investigated reduction products, but interpretations of
the existing supper-lattices are ambiguous.
5. CONCLUSIONS

Series of αin – Sn have been identified by TEM with SAD. There are indications that their number may be larger, but the limited resolution of the electron
diffraction studies does not permit to establish their exact number. Their number
is more than the numbers of αj - Sn structures introduced in [1]. The conditions a
particular αin – Sn to grow in different reduction products are not clear.
All αin – Sn are with diamond cubic structure which is distorted when they
exist as small particles in products of chemical reductions. One can consider that
the diamond cubic structure is a property of tin itself, with or without d electrons
participation into the chemical bondings.
α2 – Sn is the most stable αj – Sn structure. αin – Sn / 5.72 Å appears to be the
next in the row of stability. It was established that αin – Sn/ 5.72 Å is observed in
the reduction products of SnCl2 with Al only. The Mössbauer results from these
reaction products show that they are predominantly β-Sn-types. The change of
the enthalpies during the reaction of SnCl2 with Al is larger than that during the
reaction of SnCl2 with Mg. This result is in accordance with the thin tin films
results. α2 – Sn films require a temperature of 830ºC of the tin source and a particular distance /growth rate/ of the growing films, [14]. At temperatures ≥ 930 ºC
are growing β– Sn films, [14].
Data on α1 – Sn micro-particles eventually existing in the products of chemical reductions are not obtained in the present investigations.
TEM with SAD show that the observed rare disproportions of some αin-Sn to
β– Sn require either electron beam radiation leading to structural changes of the
initial αin-Sn lattice or it grows after melting under the electron beam.The data
suggest that formation of β– Sn is not a displacement type phase transition. The
main quantity of β– Sn is formed during the respective reduction processes.
All αI -Sn transform themselves into their respective βin-Sn by an αin-Sn →
βin-Sn structural transition identical to the α2-Sn → β2-Sn transition . The αin-Sn
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→ βin-Sn transitions are complicated coexistences of sheet textures of the respective αin-Sn and βin-Sn structures.
Electron diffraction studies of aging at room temperature of α2-Sn particles
have revealed an α2 – Sn → α3-Sn structural transition, an order of magnitude
more rare than the α2 – Sn → β2-Sn structural transition. The diffraction data suggest that it may be a first order phase transition.
αin-Sn / 5.22 Å is to be α3-Sn according to the rarely observed structural transition α2-Sn→ αin-Sn /5.22 Å. The lattice parameters of β3-Sn grown by an α3-Sn
→ β3-Sn structural transformation are to be β3-Sn/a = 5.22 Å , c = 4.77 Å.
Structural transition of the same type of the more unstable αin-Sn/ 5.54 Å
leads to formation of β-Sn.
Complicated sheet texture, suggesting displacement type structural transition
of βin – Sn/ a = 5.72 Å, c = 5.02 Å to γo – Sn / a = 4.04 Å, c = 3.76 Å is detected.
Separate single crystal diffraction photographs of γo – Sn /a = 4.04 Å, c = 3.76 Å
are detected suggesting that it is a relatively stable crystalline state of tin.
β2 – Sn is the most stable βj – Sn structure. Several months of aging decrease
its lattice symmetry and different structural changes are observed. Disappearance
of the 111 reflection of the initial β2 – Sn is leading to formation of tetragonal lattice with lattice parameters a = 4.80 Å and c = 4.40 Å. Similar structural change
is observed an for βin – Sn / а = 5.66 Å, с = 5.15 Å leading to formation of the β in
– Sn /а = 5.12 Å, с = 4.64 Å.
Aging leads to a gradual formation of different βin – Sn states via a series of
transitional βin - Sn structures.
The results of the present study suggest a complicated phase diagram of tin in
the high pressure/ high temperature region. High temperature /high pressure macroscopic experiments at temperatures < 830°C should be performed to establish
the area of existence of α2-Sn and its transformation to β2-Sn and the existence of
α3-Sn and its β3-Sn. The region of existence of αin-Sn / 5.72 Å is to be at T ≥ 800
– 900 ˚C, following the data in [8, 14].
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Abstract. It was established that maleic anhydride (MA) – vinyl ester of 2,2,4trimethylheptanoic acid (VH) copolymerization in bulk or in a solution is characterized
with two copolymerization rate maximums as a function of the monomer feed composition
and considerable deviation of the copolymer composition from equimole one, registered
when the initial monomer mole ratio [MA]/[VA] is 0,5. These peculiarities find its
reasonable explanation assuming the formation of two comonomer complexes (C1 = MAVH and C2 = VH-MA-VH) and their participation in the chain propagation with constants
larger than these characterizing the monomer addition to the propagation chains. The
results of this analysis is generalized proving that similar peculiarities are in force for each
copolymerization in which chain propagation two or more comonomer complexes with a
arbitrarily composition take part. From these considerations the azeotropy of the donoracceptor copolymerization is defined for the first time. It essence is that the copolymer
compositions are the same of that of the monomer feeds which compositions are equal
to the complex compositions. This azeotropy allows a clear definition of the difference
between alternating and donor-acceptor copolymerizations.
Keywords: Alternating copolymerization, radical pairs, azeotropy, donor-acceptor
complex.
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INTRODUCTION

As the alternating copolymerization (AC) is one of the few successful methods for the production of the regular composed copolymers [1-3], the investigation of the AC mechanism continues to be attractive and actual. Most commonly,
AC is considered as a consequence of the equimole donor-acceptor complex (C)
formation between electrondonor (D) and electronacceptor (A) comonomers, and
its dominating participation in the chain propagation reactions [4]. In a previous
work on this series [5] the kinetic method for the estimation of the C contribution
in the formation of the alternating copolymer macromolecule was shown. Later
to this aim another method, using the experimental results for triad-pentad compositional mole fractions of the copolymers produced, has been developed [6, 7],
as well as a general model for a radical copolymerization [8, 9] also. The main
characteristic of the donor-acceptor copolymerization (DAC; copolymerization in
which chain propagation reactions C takes part) is the maximum of DAC rate at
the equimole composition of the initial monomer feed. It is explained just with a
formation and participation in the chain propagation of C with an equimole composition [1, 3]. As this peculiarity characterizes a large number of AC also [4, 5],
the both copolymerizations (DAC and AC) are considered as synonyms.
However, C can have nonequimole composition. What will be the influence
of this C nonequimole composition on DAC? Will be the copolymerization alternating? Partial answer of these questions was proposed in the mentioned above
work [5]. In this communication these problems are analyzed with a necessary
details and sequence. This analysis is performed on the basis of experimental results on the DAC kinetics and composition of the copolymers of vinyl acetate
(VA) and vinyl ester of 2,2,4-trimethylheptane acid (VH) in bulk and in a dioxan
solutions. It is established that the DAC rate as a function of the monomer feed
composition, has two maximums and that the most considerable deviation of the
copolymer composition from the equimole one takes place at monomer mole ratio
[MA]/[VH] = 0.5. These both peculiarities are related to the formation of two
comonomer complexes (C1 = MA-VH and C2 = MA-(VH)2) and their participation in the propagation reactions. In terms of this suggestion the more general
relationships for DAC with arbitrary number of C and copolymer compositions
different from equimole one are deduced. This generalization allows to introduce
a new concept for the azeotropy of DAC, according with which the participation
of each complex in the chain propagation, results in the tendency for the equality of the copolymer composition, with that of the monomer feed (azeotropy) for
those monomer feed, which composition coincides with that of C only. By this
way, the DAC azeotropy allows clear demarcation between DAC and AC. The
both copolymerizations coincide only when one equimole comonomer complex,
participating in the propagation reaction, is formed.
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EXPERIMENTAL

Vinyl ester of 2,2,4-trimethylheptanoic acid (VH, Shell) was dried and distilled just before the usage. The used electronacceptor monomer (maleic anhydride, MA) was purified by sublimation just before its application also. Benzoyl
peroxide (BPO, Merck) used as an initiator, was recrystallized from the saturated
at 50˚ C solution in ethanol. Dioxan, which was used as a solvent, was dried and
distilled also before the usage.
The copolymerizations in bulk and in dioxan were performed in seald glass
ampoules (containing comonomers and initiator) at temperature 80˚ C in a nitrogen atmosphere. The copolymerization rates were determined gravimetrically. To
this aim the copolymers were isolated and purified by the double precipitation
from their dioxan solutions in a mixed ethanol/water (2/1 volume ratio) precipitator. After a drying of the purified copolymers (at temperature 45˚ C under vacuum)
they were analyzed. The copolymer compositions were determined by the carboxylic group titration of the solved in acetone copolymer samples.
RESULTS AND DISCUSSION

q, %

The kinetics of MA-VH copolymerization at dеfined monomer feeds in bulk are
presented on Fig. 1. It is clear that the concentration ratio between comonomers
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Figure 1. Conversion (q) as a function of the time of the MA-VH copolymerization at different
maleic anhydride mole fractions (MMA) in a monomer feed. MMA = 0.50 (curve 1); 0.33
(curve 2); 0.35 (curve 3); 0.30 (curve 4); 0.65 (curve 5); 0.25 (curve 6); 0.40 (curve 7); 0.20
(curve 8); 0.80 (curve 9).Temperature: 80˚ C; Initiator: BPO (0.2%, wt); The error’s measures
are the vertical lines of the cross points.
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(MMA) influences not only the initial copolymerization rates (V), but the induction period length (τ) as well as the critical moments, after which self-acceleration as
a result of the gel-effect takes place. Clearly, the relationship between initial copolymerization rate and MA mole fraction in the monomer feed (MMA) is presented on
Fig. 2. Two maximums are the peculiarity of this dependence. From the curves, presented on Fig. 1, it is seen that the critical time for the copolymerization decreases
with the increase of the V values. It means that the dependence of this time as a
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Figure 2. Relationship between the initial MA-VH copolymerization rate (V) and MA mole
fraction in the initial monomer feed (MMA). Temperature: 80˚ C; Initiator: BPO (0.2%, wt);
The error’s measures are the vertical lines of the cross points.

function of MMA would be the mirror of that, presented on Fig. 2.. As the accuracy
of the determination of these times (as abscissае of the crossing points of the relative linear fragments of the presented on Fig. 1 curves) is less, this dependence
doesn’t presented. It is notеworthy that the appearance of the induction periods (τ)
takes place for the copolymerization which rates are smaller. The larger τ values,
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the smaller V. This antisymmetry between V and critical times for the copolymerization self-acceleration is a result of the reaction medium viscosity importance
(it depends on a monomer conversion q) for the gel-effect and a sharp increase of
the termination constant.
The above outlined two maximums of the demonstrated on Fig. 2 curve are the
first peculiarity of the discussed MA-VH copolymerization. In general, for the most
of the DAC investigated [1-3, 5] the curve “copolymerization rate – mole fraction of
one of the monomers” has one maximum at equimole monomer feed. This is a result
of the formation of 1:1 donor-acceptor complex (C1) between D and A:

A+D

K1

C1

[C1] = K1[A][D]

(1)

From the necessary condition for an extreme (d[C1]/dMA = 0; MA is the mole
fraction of A; in this case MA = MMA) it follows:

K1([A] + [D])2(1 - 2MA) = 0

(2)

As K1 = const and [A] + [D] = const also it follows that MA = 0.5 from the last
equation (2). By this way, it is proved that at MA = 0.5 (equimole composition of
the monomer feed) the C1 concentration is maximal. The second part of the proof
of the experimental established maximum of V at MA = 0.5 is based on the early
registered fact [1-3, 5, 9] that the propagation rate constants for the complex (C1)
addition to the propagation chains (kAC1 and kDC1) are larger than those for the comonomer (A and D) addition to the same propagation chains (kAD and kDA).
k

(3)

DC1
~ D i + C1 ⎯⎯⎯
→ ~ Di

k

(4)

k AD
~ Ai + D ⎯⎯→
~ Di

(5)

k DA
~ D i + A ⎯⎯→
~ Ai

(6)

AC1
~ Ai + C1 ⎯⎯⎯
→ ~ Ai

The values of the determined kAC1/kAD and kDC1/kDA) rations by the kinetic
method, proposed in the first part of this series of works [5] for different DAC
confirm this statement. The values of both ratios are more than unity: kAC1/kAD >
1; kDC1/kDA > 1. By this way, the existence of one maximum V value at equimole
monomer feed (MA = 0.5 in this case) is proved.
However, the curve in Fig. 2 shows the maximum at MA = 0.33, the fact
demonstrating the peculiarity of this copolymerization. To explain the latter the
suggestion for the formation and participation in the propagation reactions of
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one new donor-acceptor complex C2 = MA-(VH)2 could be discussed, along with
C1 = MA-VH.

C1 + D

K2

C2

K2 = [C2] / [C1][D]

(7)

The result of the substitution of C1 in the last equation with its expression by
Eqn. (1) is:

K2 =

[C2 ]
[C2 ]
=
[ D]K1 [ A][ D] K1 [ A][ D]2

(8)

from which:

K = K1 K 2 =

[C2 ]
[ A][ D]2

(9)

and

[C2 ] = K [ A][ D]2 = K ([ A] + [ D])3 M A (1 − M A ) 2

(10)

where MA is a mole fraction of A in monomer feed. MA ≡ MMA for the discussed
MA-VH copolymerization. As earlier, from the C2 extreme condition (d[C2]/dMA
= 0) the next quadratic equation can be deduced:

4
1
M A2 − M A + = 0
3
3

(11)

which two decisions are MA = 1 and MA = 0.33. The first one is without physical
meaning as the C2 formation is not possible without D (MA = 1) in the monomer
feed. However, the second decision is just that MMA value at which the second
maximum of the “V – MMA” dependence takes place (Fig. 2).
This curve has its full proof if, as in the previous case, the suggestion that the
rate constant for the C2 addition to A (kC2A) is greater than kDA is accepted. Therefore,
the both experimental maxima of the “V – MMA” dependence (Fig. 2) could be related substantially to the formation of two donor-acceptor complexes (C1 = MA-VH
and C2 = VH-MA-VH) and their participation in the propagation reactions with rate
constants for their addition to the propagation chains greater than those for the comonomers (MA and VH in this case). The kinetic scheme for the formation of the
alternating copolymer chain in this case can be presented as follow:
k

VH ,MA
~ VH i + MA ⎯⎯⎯
→ ~ MAi

k

VH −C1
~ VH i + ( MA − VH ) ⎯⎯⎯
→ ~ VH i
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(12)
(13)

kMA−VH
~ MAi + VH ⎯⎯⎯
→ ~ VH i
k

MA−C1
~ MAi + (VH − MA) ⎯⎯⎯
→ ~ MAi

k

MA−C2
~ MAi + (VH − MA − VH ) ⎯⎯⎯
→ ~ VH i

(14)
(15)
(16)

From this scheme it is clear that as a result of the donor-acceptor interaction
between the propagation ends, comonomers and complexes, the propagation end
~VH• interact with MA and MA-VH (C1) only, while the other propagation end
~MA• can interact with both VH, VH-MA (C1) and VH-MA-VH (C2) also. The
quantitative analysis of the similar kinetic scheme of donor-acceptor copolymerization, accounting the participation of two and more donor-acceptor complexes
in the chain propagation was not discussed up to now. This does not performed
in our previous work [5] also. The reason for this situation is not the lack of the
wish for the full analysis of such possibility, but first of all it is a result of the fact
that the participation of the nonequimole comonomer complex (C2 = MA-(VH)2
is a such complex) in the propagation reaction results in a deviation of the copolymer composition from equimole one. It means that the copolymer obtained is
not alternative, and the copolymerization is not alternating, the general product
of the donor-acceptor copolymerization. As in general the alternating copolymerization was the subject for an analysis and simulation it becomes clear why such
nonequimole copolymers were not included in different type of the models for
the alternating copolymerization. For the kinetic scheme presented above (Eqs.
12-16) the deviation from the alternation in the copolymer composition can be a
result of the relation (16) for the macromolecule formation. Each addition of the
complex C2 (MA-(VH)2) to the propagation end ~MA• contributes the shift of the
copolymer composition to that which mMA = 0.33. This shift is more considerable
for the greater number of these additions. The effect has maximum at MMA = 0.33
when the VH-MA-VH concentration is the greatest (it was proved above) and
kMA-C2 > kMA-VH and kMA-C2 > kMA-C1. The experimental copolymer composition (mole
fraction of MA monomer units in copolymers mMA) as a function of the monomer
feed (Fig. 3) confirmed this expectation. It is seen in fact that at MA = 0.33 the
deviation of the copolymer composition from the equimole one is the greatest and,
at the same time, mMA value is the closest to mMA = 0.33. This is the second very
important peculiarity of the copolymerization discussed.
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Figure 3. Copolymer (produced by MA copolymerization with VH in bulk) composition (mole
fraction of the MA monomer units, mMA) as a function of the monomer feed one (mole fraction
of MA in it, MMA). Temperature: 80 ˚C; Initiator: BPO (0.2%, wt); The error’s measures are
the vertical lines of the cross points

The common characteristic for the both mentioned above peculiarities (the
maximum of V and minimum of mMA) is the fact that the both extremes appears
at MMA = 0.33. It is a result of the common reasons for these peculiarities: the
formation of the nonequimolar donor-acceptor complex between the comonomers
and its participation in the chain propagation reactions with rate constants greater
then those of the addition of the single (not incorporated in the complexes) comonomer molecules. Therefore, these peculiarities can be regarded as two different
appearances of the both, mentioned above reasons for the shift of the discussed
copolymerization from the classical alternating copolymerization.
It is noteworthy the possibility for a generalization of the analysis presented
for the complexes with an arbitrary composition, e. g. for each m/n (AmDn; m ≠
n) different from unity.
K mn
⎯⎯
⎯
→ C ; K mn =
mA + nD ←⎯⎯
⎯

[C ]
[ A]m [ D]n

(17)

Let for clarity m > n. Then:

[C ] = K mn [ A]m [ D]n = K mn ([ A] + [ D]) m + n M Am (1 − M A ) n
From the necessary for the extreme condition:
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(18)

d [C ]
m
= 0 = K mn n([ A] + [ D]) m + n M Am −1 (1 − M A ) n −1{ (1 − M A ) − M A } (19)
dM A
n
it follows that:

MA =

m
n
and M D = 1 − M A =
m+n
m+n

(20)

The same expression is obtained also if m < n. The extreme condition in this
case is:

n
(1 − M D ) − M D = 0
m

(21)

which is identical with Eqn. (20). In such a way the following, common for DAC
peculiarities, were proved:
1. The relationship between the rate of this copolymerization and monomer
feed has one maximum only if one donor-acceptor complex between the comonomers is formed and its addition to the propagating chains takes place with rate
constants greater than those of the single monomer molecules.
2. The position of this maximum depends on the composition of this complex,
and if C = AmDn, the mole fraction of A at which V = Vmax is MA = m/(m+n).
3. The composition of the copolymer obtained at these conditions and if the
addition of the complex C = AmDn to the propagation ends dominates is close to
the same monomer feed at which the copolymerization rate has maximum.
4. When m = n (the equimole complex C) the copolymerization rate maximum should to be appeared at equimole monomer feed (MA = 0.5), and the composition of the copolymer produced is equimole and alternated also.
5. If two and more donor-acceptor complexes are formed between the comonomers, and they take part in the propagation reactions with rate constants
greater than those of the “free” (unincorporated in the complexes) monomer molecules, the number of the maximums of the copolymerization rate as a function
of the monomer feed is equal to the number of the donor-acceptor complexes.
The monomer feed compositions at which the copolymerization rate has maximal
values are equal just to the donor-acceptor complex compositions.
6. The compositions of the copolymers, producing by DAC with two and
more donor-acceptor complexes change between the compositions of the these
complexes. If the monomer feed composition is equal to a given complex, the
composition of the copolymer produced approximates the composition of this
complex. The fastness of the transition of the copolymer composition from one
to another complex composition depends on the ratio between the rate constants
of the complex additions to different propagation ends. The quantitative analysis
of this behaviour of the copolymer composition curves is under a development. It
allows the decision both the right and opposite kinetic tasks of DAC.
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The deduced above common for DAC characteristics are in force for the discussed DAC of MA with VH also. In fact, they were defined during the analysis of
the experimental results just of this copolymerization. The consequences 5 and 6
are in force also, and the number of the complexes in this case are two: equimole
one (MA-VH) and MA-(VH)2. According to a consequence 5, two maximums are
appeared in the copolymer composition curve (Fig. 2) as a function of the monomer
feed; just at MMA = 0.5 (the composition of the equimole complex) and MMA = 0.33,
the composition of the complex MA-(VH)2. In accordance to the consequence 6 the
composition of the copolymers obtained are changed between equimole one (mMA
= 0.5) and mMA = 0.33, corresponding to the composition of the other, nonequimole
complex MA-(VH)2. As it can be seen from the date presented in Fig. 3, the equimole copolymer composition dominates. This fact shows the C1 relativity to the
propagation ends is higher than those of the complex C2. In other words, it means
that kMA-C1 > kMA-C2 (Eqns (15) and (16)) and kVH-C1 > kVH-MA (Eqns (12) and (13)) also.
Another possible reason for the established domination of the equimole copolymer
composition in a wide interval of the monomer feed composition could be related to
the inequality K1 > K2, providing the C1 excess over C2 (C1 > C2).
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Figure 4. Kinetics of MA copolymerization with VH in dioxan (the total monomer concentration
is 50% wt) in coordinates “conversion (q) - time (t)” at different monomer feed compositions
(mole fraction of MA in it, MMA). MMA = 0.20 (curve 7); 0.25 (curve 6); 0.30 (curve 4);
0.33 (curve 2); 0.35 (curve 3); 0.40 (curve 5); 0.50 (curve 1); 0.65 (curve 8); 0.80 (curve 9);
Temperature: 80 ˚C; Initiator: BPO (0.4%, wt); The error’s measures are the vertical lines of the
cross points.
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It appears that the established peculiarities of MA copolymerization with VH
in bulk are in force for the copolymerization of the same monomers in dioxan
(Fig. 4 and Fig. 5) too. However, it is seen that the convexity of the curves, presented in Fig. 4 is opposite to that of the conversion curves for the copolymerization in bulk (Fig. 1). This difference can be related to the characteristic for the
copolymerization in bulk gel-effect (Fig. 1) which is not, if the copolymerization
is performed in solution (Fig. 4). The higher conversion of the monomers, the less
concentration of the complexes C1 and C2 as a result of which, the copolymerization rate reduces. By this way the negative (upwards) convexity of the curves,
shown in Fig. 4, can be explained.
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Figure 5. Initial MA-VH copolymerization rate in dioxan as a function of the monomer feed
composition (MMA – mole fraction of MA in it). The total monomer concentration: 50% wt;
Temperature: 80 ˚C; Initiator: BPO (0.4%, wt); The error’s measures are the vertical lines of
the cross points.

Interesting and even unexpected result is revealed by the comparison of the
initial rates of copolymerization in bulk (Figs. 1, 2) and in dioxan (Figs. 4, 5). The
initial rates in dioxan are more than twice higher than those of the copolymerization in bulk. This could be related to the both greater values of the mentioned
above rate constants of the complex (C1 = MA-VH) and (C2 = MA-(VH)2) additions to the propagation ends and to the increase of the complex stability constants
(K1 for C1 and K2 for C2) at the transition from a medium without solvent to the

241

medium with solvent (dioxan). Another reason for this result could be the initiation rate increase at this transition.
The curve in Fig. 5 is similar to that in Fig. 3 and is characterized with two
maximums again at the monomer feed compositions (MMA) equal to the both complex compositions: MA-VH (C1) and MA-(VH)2 (C2). It is interesting to follow
the influence of other solvents on this copolymerization, the task under a development at the moment.
Another challenge of the results obtained and more precisely – the formation
of two donor-acceptor complexes (C1 = MA-VH and C2 = MA-(VH)2) and their
participation in the propagation chains, is connected with a possibility for the C2
participation in the defined by Hall et al [11-14] bond-forming initiation of DAC.

A

A

A

A

+

(22)

D

D

The forming by this scheme covalent-bounded radical pairs is a prerequisite
for both the spontaneous DAC initiation and for the biradical copolymer chain
propagation trough the reactions (12-16). According to the Huisgen [15] the radical pair is one of the possible intermediates of the interaction of two olefines with
electronodonor and elektronoacceptor substituents. It is reasonably to regard this
intermediate as a product of the decomposition of the donor-acceptor complex C1
= MA-VH (23).

A

A

A

A

A

A

+

(23)

D

D

D

(C1)
If it is so, the proved above formation and participation of the complex C2 =
VH-MA-VH in the chain propagations creates a hypothesis for the formation of
the following covalent-bonded radical pair from the complex C2 = MA-(VH)2:
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c o

R

R

R = C9H19

(C2)
There is not a theoretical analysis of the possibility for the formation of such
radical pair. This is in force for the experimental verification of this possibility. This
new type radical pair is the essence of the possible answer of the pointed out above
challenge. Maybe the presence of two acceptor groups at the double bond of the
acceptor (MA in this case) is a reason for the formation of longer conjugation chain
between one acceptor (MA) and two donor (VH) molecules, and for the simultaneous break of the both double bonds of the both donor molecules (VH), connected
together trough the π-bond of A (MA) (24). It is seen (24) that the both uncoupled
electrons of the radical pair produced are localized at the carbon atoms belonging to
the both electrondonor molecules (VH) included in the initial donor-acceptor complex C2. In means that if the donor-acceptor interaction in the propagation reactions
dominates, the first chain propagation steps of this radical pairs are the reactions
(12) and (13), demonstrating the interaction of the propagation end ~VN • either
with MA (12) or with MA component of the MA-VH complex (13).
DAC AZEOTROPY

The experimental results obtained for the presence of the maximums of the
MA-VH copolymerization rate as a function of the monomer feed in bulk (Fig. 2)
and in a solution (Fig. 5) at MMA = 0.50 and 0.33 as well as of the minimum of the
MA mole fraction (mMA) in the copolymers produced at MMA = 0.33 (Fig. 3) can
be explained reasonably with suggestion for the formation of two donor-acceptor
complexes (equimole one MA-VH and nonequimole one MA-(VH)2) and their
participation in the chain propagation reactions. The identification of these complexes, and their detailed structure organization and determination of their stability constants are the tasks which are under study. In spite of this, the suggestion
is already fruitful as it allows to explain simultaneously both the kinetic results
obtained (Figs. 1, 2–5) and that for the dependence of the copolymer composition on the monomer feed (Fig. 3). These are the both peculiarities of the DAC
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discussed. According to the literature information available, such polymerization
peculiarities for DAC between a strong electronacceptor (MA) and strong electrondonor (VH) were obtained and explained for the first time. This is in force
for the defined above suggestion for their explanation. In the present work the
quantitative generalization of the discussed results was made also. It was proved
strictly the statement that at the formation of the any nonequimolar comonomer
complex AmDn (m ≠ n) its concentration as a function of the monomer feed composition has maximum at acceptor mole fraction MA = m/(m+n) (Eqn 20). From
this statement and a preposition for the participation of the complex in the chain
propagation reactions with rate constants higher than those for the single monomer molecule additions to the same propagation chains, it follows: i. clear maximum of the copolymerization rate dependence as a function of the monomer feed
at the same composition of the latter (MA = m/(m + n), and ii. the composition of
the copolymer produced at this monomer feed (MA = m/(m + n)) is, if not strictly
equal, very close to that of the complex (mA = MA = m/(m + n)). By this way, the
azeotropy (Fig. 6) for DAC was defined and proved. Its essence is that the copolymer composition is equal to that of the monomer
Donor-Acceptor Complex
(C = AmDn) formation

Registration of the [C]max at monomer feed composition
[A]/[D] = m/n

C takes part in the chain propagation reactions and
kpC > kpA and kpD

Registration of Vmax at the same monomer feed
composition [A]/[D] = m/n

AZEOTROPY means that mA/mD = m/n at the same
monomer feed composition [A]/[D/ = m/n

Figure 6. Algorithm for the proof of the azeotropy of DAC in which chain propagation
reactions the donor-acceptor complex C = AmDm takes place. MFC - monomer feed
composition; mA, mD – mole fractions of A and D monomer units in the copolymer; kpA,
kpD, kpC are the rate constants of the A, D and C addition reactions to the propagation ends;
Vmax is the maximal copolymerization rate.

feed composition if the latter is identical to that of the donor-acceptor complex
AmDn. The established peculiarities of DAC between MA and VH in bulk and
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in dioxin underlines this common for such copolymerization azeotropy. For this
copolymerization the both azeotropy copolymer compositions are equimole one
(m/n = 1) and nonequimole when m/n = 0.5. If the monomer feed compositions
are equal to the azeotropy ones, the rate of this DAC adopts its local maximums.
As a result just of the higher rates of the complex inclusion in the copolymer chain
in comparison with single monomer molecules, the copolymer composition seeks
to the complex one. This striving, according to the discussion above, provides the
tendency to equilification of the monomer feed composition and that of the copolymers obtained at the azeotropy points (monomer feed compositions). In this
work the azeotropy of the DAC was defined only. The strict quantitative analysis
of this phenomenon, including the influence of the complex stability constants and
of the difference between the propagation rate constants for forecasts and is the
new, third challenge for the future DAC theory.
In the light of this phenomenon the developed kinetic method for the determination of the complex participation in the chain formation of the alternating copolymerization developed in our previous work of this series [5] could be regarded as
a partial case of the quantitative analysis of the azeotropy of this copolymerization,
those when m = n. The extension of this method accounting DAC azeotropy for
nonequimole comonomer complex composition (when m ≠ n) is forthcoming.
The DAC azeotropy, defined above, provides a new light on the relationship between DAC and AC. Usually these two names are regarded as synonyms.
However, from the discussion above it becomes clear that the identity between
these copolymerizations takes place if only one, equimole (m = n) comonomer
complex is formed and participates in the propagation reactions. In all other cases
these two definitions characterize two different copolymerizations. DAC is not
identical with AC even only one donor-acceptor but not equimole (m ≠ n) complex is formed. Because of the azeotropy in this case the copolymer produced
is not equimole, and thus it is not alternating. The difference between DAC and
AC becomes more considerable when two and more comonomer complexes are
formed and take place in the chain propagation. By this way, the introduced and
used in this work category azeotropy of the donor-acceptor copolymerization allows clear deviation and definition of DAC and AC.
CONCLUSION

For MA-VH DAC in bulk and dioxan it was shown the existence of two
copolymerization rate maximums as a function of monomer feed at MA = 0.50
and MA = 0.33. This fact was explained with the formation of two donor-acceptor
complexes (MA-VH and VH-MA-VN) and their participation in the chain propagation reactions. This suggestion was confirmed by the results for the copolymer
composition. The latter follows the complex composition one and thus it is equal
to the monomer feed composition also. The equality of the copolymer and mono245

mer feed composition is the essence of the azeotropy, which was established and
explained for DAC for the first time.
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THERMO-QUANTUM DIFFUSION IN PERIODIC POTENTIALS
ROUMEN TSEKOV
Department of Physical Chemistry, University of Sofia, 1 James Bourchier Blvd., 1164 Sofia, Bulgaria

Abstract. Quantum Brownian motion in a periodic cosine potential is studied and
a simple estimate of the tunneling effect is obtained in the frames of a semiclassical
quasi-equilibrium approach. It is shown that the latter is applicable for heavy particles
but electrons cannot be described properly since the quantum effects dominate over the
thermal ones. The electron purely quantum diffusion is investigated at zero temperature
and demonstrates that electrons do not obey the classical Einstein law of Brownian
motion in the field of periodic potentials, since the dispersion of the Gaussian wave packet
increases logarithmically in time.

Diffusion in the field of periodic potentials is important for particle transport
via ordered structures, typical in condensed matter. The underlying mechanism
is Brownian motion. If the diffusing particles are quantum ones, e.g. electrons,
protons, light atoms, etc., their migration is described via the theory of quantum
Brownian motion [1, 2], which is significantly affected by the tunneling effect
[3]. Hereafter an alternative approach to the problem of quantum Brownian motion in periodic potentials is developed based on the Bohm quantum potential
[4]. In contrast to the WKB theory valid in vacuum the present paper describes
tunneling in a dissipative environment. The starting point is a nonlinear quantum
Smoluchowski-like equation [5, 6]
β

∂ t ρ = ∂ x [ρ∂ x ∫ (V + Q)b d β + ∂ xρ] / β b
0

(1)
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describing the overdamped evolution of the probability density ρ( x, t ) to
find a quantum particle at a given place under the action of an arbitrary external potential V . Here b is the particle friction coefficient, β = 1/ k BT and
Q ≡ − 2 ∂ 2x ρ / 2m ρ is the Bohm quantum potential with m being the particle mass. Thus, due to the quantum potential the diffusion becomes mass-sensitive. The goal of the present analysis is to estimate the diffusion coefficient from
Eq. (1) for the case of a periodic cosine potential V ( x) = U cos(qx) .
Since Eq. (1) is nonlinear due to the quantum potential, obtaining its general
solution is mathematically frustrated. In a semiclassical approach one could estimate Q by using the classical solution of Eq. (1). However, even in the classical
case it is impossible to obtain a simple physically transparent expression for the
probability density. For this reason, we are going to apply a stronger approximation
by employing the equilibrium classical Boltzmann distribution ρ B ∼ exp(−β V )
in the quantum potential to obtain

Q(ρ B ) = (β

2

/ 4m)[∂ 2xV − β(∂ xV ) 2 / 2] = −λT2 q 2 [V + β(U 2 − V 2 ) / 2] (2)

The first expression here is general, while the last one is valid for the present
particular cosine potential; the thermal de Broglie wave length is introduced by
the expression λT ≡ / 2 mk BT . Note that because of this quasi-equilibrium
approximation the quantum potential (2) becomes temperature-dependent. Substituting Eq. (2) in Eq. (1) and performing the integration over β results in the
following semiclassical quasi-equilibrium Smoluchowski equation

∂ t ρ = ∂ x (βρ∂ xW + ∂ xρ) / β b

(3)

where the new effective potential is given by W ≡ [1 − λT2 q 2 (1 − β V / 3) / 2]V and
possesses the same periodicity as the external potential V . Owing to the Boltzmann
distribution employed, Eq. (3) is a quasi-equilibrium one and in the case of a free
quantum Brownian particle ( V = 0 ) it reduces to the classical diffusion equation.
Hence, its application is restricted to relatively strong external potentials, where
the semiclassical quantum effects still play a role. For instance, in a harmonic potential V = mω02 x 2 / 2 the effective potential W = [1 − (β ω0 / 2) 2 / 3]V is harmonic as well. Thus, the average equilibrium position dispersion, following from
Eq. (3), σ 2x = 1/ β mω02 [1 − (β ω0 / 2) 2 / 3] is the high temperature approximation
of the exact thermodynamic expression σ 2x = ( / 2mω0 ) coth(β ω0 / 2) .
Lifson and Jackson [7] and later Festa and d’Agliano [8] have derived a general formula for calculation of the diffusion coefficient D from Eq. (3) applied
for periodic potentials

1/ D = β b < exp(β W ) >< exp(−β W ) >
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(4)

where the brackets < ⋅ > indicate spatial geometric average. At room temperature
one can usually neglect the small nonlinear contribution of the external potential
V to W and thus the latter acquires the simplified form W = (1 − λT2 q 2 / 2)V .
In this case the spatial averaging in Eq. (4) can be analytically accomplished and
the result reads

1/ D = β bI 02 [β(1 − λT2 q 2 / 2)U ]

(5)

where I 0 is the modified Bessel function of first kind and zero order. In the case
of free Brownian motion ( U = 0 ) Eq. (5) provides the classical Einstein formula D = 1/ β b , which is due to the semiclassical quasi-equilibrium approach [9].
At large arguments the modified Bessel function can be approximated well as
I 0 ( x) ≈ exp( x) / 2πx and Eq. (5) reduces in this case to the Arrhenius law

D = π(2 − λT2 q 2 )(U / b) exp[−β(2 − λT2 q 2 )U ]

(6)

As is seen, both the effective activation energy Ea ≡ (2 − λT2 q 2 )U and the
pre-exponential factor π(2 − λT2 q 2 )U / b from Eq. (6) are affected by the quantum
effect. In the classical limit λT = 0 and the activation energy Ea = 2U equals to
the difference between the maximal and minimal value of the external potential.
The quantum effect decreases effectively the activation energy due to the quantum
tunneling. For instance, the thermal de Broglie wave length for a proton at room
temperature equals to λT ≈ 0.2 Å. If protons are diffusing in a structured medium
with a lattice constant 3 Å then λT2 q 2 / 2 ≈ 0.1 . Hence, the tunneling effect will
decrease the activation energy by 10 % as well as the pre-exponential factor. Note
that if λT2 q 2 = 2 the diffusion is free since W = 0 , which corresponds for a proton
to T ≈ 25 K. For electrons the thermal de Broglie wave length at room temperature
is λT ≈ 8.6 Å and hence λT2 q 2 / 2 ≈ 162 . Since this number is much larger than 1,
the conclusion is that the theory above is not applicable to electrons since they are
essentially quantum particles and cannot be described by a quasi-equilibrium semiclassical approach, unless they are moving in very flat potentials with q < 1/ λT .
For electrons one should solve directly Eq. (1) instead of Eq. (3). To simplify
now the problem we will consider the case of zero temperature, where Eq. (1)
reduces to

∂ t ρ = ∂ x [ρ∂ x (V + Q)] / b = ∂ x [ρ∂ xV / b −

2

∂ x (ρ∂ 2x ln ρ) / 4mb]

(7)

This is still a nonlinear equation, which is not easy to solve. To linearize it one
can use the fact that the effective shape of the probability density is expected to
be Gaussian in the case of relatively low U , which corresponds to lack of localization. Hence, one can employ the approximation ∂ 2x ln ρ = −1/ σ 2x , where σ 2x
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is the dispersion of the probability density. Introducing this expression in Eq. (7)
yields a Smoluchowski equation

∂ t ρ = ∂ x (ρ∂ xV + βQ−1∂ xρ) / b

(8)

with a new quantum temperature βQ−1 ≡ 2 / 4mσ 2x corresponds to the momentum
dispersion from the minimal Heisenberg relation valid for Gaussian processes.
Since βQ depends on time via σ 2x one should use a more general expression of
the Festa-d’Agliano formula [8]

∂ t σ2x / 2 = [βQ b < exp(βQV ) >< exp(−βQV ) >]−1 = 1/ βQ bI 02 (βQU )

(9)

Integration of Eq. (9) on time yields the relation

(βQU ) 2 [ I 02 (βQU ) − I12 (βQU )] = 16mU 2t /

2

b

(10)

where I1 is the modified Bessel function of first kind and first order.
If U = 0 , Eq. (10) reduces to the already known expression σ 2x =
t / mb
for the purely quantum diffusion in a non-structured environment [6]. Note that
this dispersion does not depend linearly on time and hence no diffusion constant
exists. In the opposite case 2βQU > 1 the modified Bessel functions difference is
well approximated by I 02 ( x) − I12 ( x) ≈ exp(2 x) / 2πx 2 . Thus according to Eq.
(10) the dispersion of the purely quantum diffusion in a strong cosine potential
depends logarithmically on time

σ2x = (

2

/ 8mU ) ln(32πmU 2t /

2

b)

(11)

This result demonstrates again the lack of classical diffusive behavior. As seen
from Eq. (11) the magnitude of the deviation σ x scales with the de Broglie wave
length λU = / 2 2mU of the activation energy [9], while its relaxation time

b / mωU2 corresponds to that of a harmonic oscillator with an own frequency
ωU = 4U / . Even if this logarithmic dependence is derived here particularly for

a cosine external potential we believe that it is general for any periodic potential
and reflects the Arrhenius law. Indeed the latter holds in any periodic potential
when the potential barriers are much higher than the thermal energy and the particular type of the potential affects the pre-exponential factor only [7, 8]. Hence,
the quantum diffusion does not obey the classical linear Einstein law of Brownian
motion in periodic potentials as well [10]. The account for the nonlinear term in
the potential W will introduce some aperiodic behavior, which certainly will accelerate the diffusion process [11].
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In the case of a free quantum Brownian particle ( V = 0 ) an alternative way to
simplify Eq. (7) is, instead of the quantum pressure, to linearize the quantum potential
around the homogeneous equilibrium distribution. In this way, Eq. (7) reduces to

∂ t ρ = − 2 ∂ 4xρ / 4mb

(12)

This equation is not parabolic one and hence it does not describe an ordinary diffusion process. Since the Fourier image ρq = exp(− 2 q 4t / 4mb) of the solution
of Eq. (12) corresponds to a probability density, which is not positively defined, it
seems that Eq. (12) is a worse approximation than the diffusive Eq. (8). The solution of ∂ t ρ =

2

∂ 2x ρ / 4mbσ 2x is a Gaussian distribution density with dispersion

σ2x =

t / mb . Equation (7) is also exactly solvable for a free quantum Brownian
particle and its solution is, of course, the same Gaussian distribution [6].
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FLOCCULATION OF VESICLES
ROUMEN TSEKOV
Department of Physical Chemistry, University of Sofia, 1, J. Bourchier Blvd., 1164 Sofia, Bulgaria

Abstract. The flocculation of liposomes is theoretically studied. An expression for the
flocculation activation energy is derived, accounting for the electrostatic and hydrophobic
interactions as well as for the correlation area of floc-spots.
INTRODUCTION

In water phospholipid molecules form spontaneously spheroid structures
called vesicles or liposomes [1, 2]. Their body is filled by maternal solution and
surrounded by a closed bilayer surface. The liposome wall is not penetrable for
large molecules and for this reason vesicles are used as original carrier of drags
and other substances in medicine and cosmetics [3, 4]. Hence, the stability of liposome suspensions is important for these applications and this is the reason for
intensive studies on the flocculation kinetics of vesicles in solutions.
The problem of coalescence of two liposomes is equivalent to the problem
of rupture of the liquid film formed between two vesicles (see Fig. 1). Because
vesicles possess almost zero surface tension, they are easily deformable and the
hydrodynamics resistance due to the vesicles approach deforms liposomes naturally to form a thin liquid film. Similar picture is observed in deformable droplets,
which possess, however, large surface tension [5]. When the film ruptures, the
liposomes attach to each other and a primary floc is formed. A very useful idea in
colloid science is to consider the film stability as a result of competition of interfacial forces [6]. The classical DLVO theory considers van der Waals and electrostatic components only. It has been recognized further that there are many other
macroscopic interactions in the films such as hydration, hydrophobic, etc. forces
[5]. Knowledge of all these components is important to answer the questions how
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do the liposomes flocculate and what is the role of polymers and other substances
in the floc-formation.

h

Fig. 1 Schema of a collision of two liposomes or droplets [5]

THEORY
Let W is the free energy excess per unit area of a film as compared to the
corresponding bulk liquid. The simplest expression for the van der Waals excess
energy is

WVW = − A /12πh 2

(1)

where h is the film thickness and A is the Hamaker constant, which is always
positive for symmetric films. Hence, the van der Waals force in films dividing
two liposomes or droplets is attraction. However, since the bulk phase of the vesicles possesses the same composition like the film solution, the Hamaker constant
should be negligibly small for liposomes. Therefore, the van der Waals interaction
is not important for the flocculation kinetics of vesicles, in contrast to the case of
droplets. The classical expression for electrostatic energy at constant and relatively weak surface charge q per unit vesicle area is [7]

WEL = 2( Dq 2 / ε 0 ε) exp(− h / D)

(2)

where D is the Debye length and ε 0 ε is the dielectric permittivity of the suspension. As is seen there are two different kinds of electrolyte effects on the electrostatic interaction. An increase of the concentration of ions not adsorbing specifically on the film interfaces decreases the Debye length and thus suppresses the
electrostatic repulsion. Ions adsorbed specifically on the film interfaces change
the surface charge density q and depending on their sign can lead to increase
or decrease of WEL. This can be a reasonable explanation of the relative stability
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of liposome suspensions on ionic strength variations [8] and of the aggregation
induced by calcium and beryllium cations [9].
Tsekov and Schulze have demonstrated that any adsorption of species on the
film interfaces causes a hydrophobic force. The corresponding excess energy is
given by [10, 11]

WHP = 2ΔEG exp(− h / a )

(3)

where a is the adsorption length and ΔEG is the difference of the Gibbs elasticity on the surface of a vesicle and on the surface between two liposomes in a floc.
The adsorption length and ΔEG depend strongly on the concentration of species
in the bulk. If ΔEG is negative the hydrophobic force is attraction and the liposome suspensions could become unstable. Indeed, flocculation induced by addition of polymers was experimentally observed [12, 13]. Equation (3) is applicable
also for description of the solvent adsorption effect. The corresponding force is
known as hydration force [14] and some authors put forward an explanation of the
relative stability of phospatitylcholine liposome suspensions by a strong repulsive
hydration interaction [8]. The vesicle bilayers themselves are source of hydrophobic force. For instance, Alexandrova and Tsekov [15] have demonstrated that
liposomes induce attractive forces in an aqueous wetting film on a quartz surface
which lead to rupture of the films. The latter are stable without vesicles. Moreover,
this interaction is very sensitive to small temperature changes due to many phase
transitions occurring in the lipid bilyaers [16].
The total excess of free energy W= WVW + WEL + WHP in a film dividing two
liposomes takes the following form

W = 2( Dq 2 / ε 0 ε) exp(− h / D) + 2ΔEG exp(− h / a )

(4)

after neglecting the contribution of the van der Waals force. Since we are interested in unstable liposome suspensions the hydrophobic force here should be attractive and ΔEG is considered further to be negative. Usually at relatively low
electrolyte concentrations the electrostatic force is longer ranged as compared to
the hydrophobic one, i.e. D ≥ a . In this case W exhibits a maximum as shown in
Fig. 2 if − ε 0 εΔEG ≥ a
q 2 . Using eq. (4) one can calculate the film thickness h *
corresponding to the maximum energy and the height W * of the energy barrier
a

h* =

ε εΔE
Da
2( D − a ) q 2
aq 2 D −a
(−
)
ln(− 0 2 G ) W * =
ε0ε
ε 0 εΔEG
D−a
aq

(5)

Since the pressures inside and outside a liposome are equal, the only force
pushing the vesicles to each other is due to the Brownian motion and the maximum W * represents the activation energy per unit area of the liposome floccula255

tion. As seen from eq. (5) W * is an increasing function on D , q 2 and ΔEG . The
dependence W * vs. a is more complicated.
W
*

W

0

0

*

h

h

Fig. 2 Energy profile of two liposomes separated by a film with thickness

h

The initial rate of flocculation is given by V = K n , where n is the liposome
concentration and K is the rate constant of flocculation. Using the well-known
expression
2

K = (8k BT / 3η) exp(− E * / k BT )

(6)

one is able to calculated the activation energy E * of the process from the temperature dependence of K [17]. The activation energy is related to W * and to the
area o of the first floc-spot formed in the film, E * = oW * . Hence, to calculate the
activation energy it is necessary to calculate the correlation area o , as well. The
shape in Fig. 1 is an average profile, while the real shape fluctuates permanently.
From the theory of film thickness fluctuations is known that it is proportional
to the lipid bilayer bending elasticity κ and the second derivative of the free
energy in the film in respect to its thickness. Since the fluctuations close to the
barrier top are important for the flocculation kinetics the correlation area is equal
to o = −κ / W ′′(h* ) . Note that according to the Scheludko wavelength the correlation area in droplet films is equal to o = −σ / W ′′(h* ) , where σ is the drop
surface tension. Calculating the second derivative of W from eq. (4) one yields
W ′′( h * ) = −W */aD and the correlation area amounts to

o = κaD / W *
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(7)

Finally, introducing eq. (7) in the relation E * = oW * we acquire an expression for
the activation energy

E * = κaDW *

(8)

It is interesting that for droplets the activation energy E * = σaD is independent
of W * .
The effects of other substances to the flocculation can be seen in the activation energy from eq. (8). Using eq. (5) it can be rewritten in the form

E * = κDa

2( D − a )q 2
aq 2 Da− a
(−
)
ε0ε
ε 0 εΔEG

(9)

Firstly, by addition of electrolytes the Debye length D decreases. This screening
of the electrostatic interaction decreases the stabilising force between two vesicles. As a result the films become less stable and the activation energy E * goes
down. This is the case of electrolyte induced fast coagulation in disperse systems.
If some ions adsorb specifically on the liposome surface and if their charge has
opposite sign than the surface one, then they diminish the surface charge density
q and in this way decrease the activation energy. Secondly, addition of uncharged
species like polymers, aionic surfactants, etc. affects the hydrophobic force. If
they decrease, the value of the resulting ΔE G the activation energy decreases,
too. A dramatic effect, however, will appear if they change also the value of the
effective adsorption length. For instance, if a becomes larger than D there is no
more maximum in the energy as a function of the film thickness. The result is barrier-less flocculation being much more rapid than the usual one. Such an increase
of a is expected in the case of adsorption of long polymers on the vesicle wall.
And the effect is known as bridging flocculation being inter-mediated by polymer
bridges. Finally, adsorption of species affects the elastic properties of the vesicle
bilayers. Usually they increase the bending elastic modulus κ , which reflects in
lower flocculation rate. The effect of the liposome size on flocculation can also be
accounted for [18].
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Abstract. The wetting properties of six low viscosity room temperature ionic liquids (RTIL) were
investigated by means of dynamic three-phase contact (TPC) angle measurements of RTIL droplets
sliding at an inclined surface. Well-defined solid surfaces of different hydrophobicity were used. Hydrophobicity strongly increased TPC line mobility. Molecular kinetic (Blake-Haynes) model compares
well with the experimental data for TPC line rate of propagation as a function of dynamic TPC angle,
while hydrodynamic (Voinov) model does not. Comparison with water droplets at the same surfaces
shows qualitatively similar, but quantitatively different wetting properties of RTILs.
Keywords: room temperature ionic liquids; imidazolium; wetting kinetics; three-phase contact
angle; contact angle hysteresis; drop on inclined surfaces

1. INTRODUCTION

Room temperature ionic liquids (RTIL) have numerous applications, due to
their unique properties – low volatility, high thermal and chemical stability, possibility for regeneration [1–3]. These properties make them good solvents in organic
synthesis [2]. They have the ability to dissolve otherwise insoluble molecules,
such as cellulose [3]. New recently developed applications include their use in
microfluidic devices [4]. RTILs’ excellent properties as solvents and their appli259

cations, such as microfluidics [4], are a reason to investigate their cleaning and
wetting properties.
From the surface properties of the RTILs, surface tension of the ionic liquid/air
interface was the first to receive scientific attention (review of experimental and
theoretical studies: [1,5]). No surprises were found: surface tension values are of the
same order, but lower, compared with water/air interface. The temperature dependence of the surface tension is linear [6–9]. With homologues, σ decreases with carbon chain length [7]. Surfactant aggregation behavior in RTIL’s and its effect on the
RTIL’s surface tension is similar to that of surfactant in water [11–13]. Fluorinated
surfactants were found to reduce the surface tension more than hydrocarbon-based
surfactants [13]. Capillary waves at the interface RTIL/gas were investigated [8–9].
The dispersion law of the capillary waves at RTILs surfaces deviated strongly from
dispersion law of simple liquids, due to the strong normal dipole moment surface
density. The temperature dependence of the surface dipole moment indicated interfacial order-disorder transition at a certain temperature [10].
During the last two years, RTIL’s wetting properties became a major focus
of scientific literature [14]. The studies in this field started with the electrowetting
properties of RTILs [14–20]. The main results from these studies can be summed
up as follows: (1) electrowetting typically follows Young-Lippmann equation; (2)
saturation contact angle and potential are observed, at which the effect of further
increase of the potential has small effect on the contact angle. Another important
direction of study was the electrocapillary properties of RTILs [21–23]. A model
for the electric double layer in ionic liquid was proposed [22], trying to explain the
camel-shaped double layer capacitance curve, found with certain ionic liquids.
Furthermore, few recent works deal with the static wetting properties of ionic
liquids (mostly imidazolium based) at surfaces of different hydrophobicity [2425]. The current work investigates the dynamics of wetting of RTILs at glass
surfaces. From rheological viewpoint, the relationship between the three-phase
contact (TPC) line rate and the applied driving force is of main interest here. According to the known studies, TPC rheology model can be successfully presented
by two dissipative elements in series: the first one entirely in the TPC bulk zone
determined by the bulk viscosity (Voinov’s model [26]) and the second, localized
in the contact line obeying a barrier (Eyring) mechanism (Blake-Haynes model
[27, 28]). Due to the relatively high bulk viscosities of ionic liquids (higher in
comparison with the water viscosity) one could expect more pronounced bulk
drag compared to water. On the other hand, large TPC contact angles (>20 deg)
advantage the contact line barrier mechanism [29–32]. To the best of our knowledge, only one work dealt with dynamic contact angle measurements of RTILs
[16], and it confirms these expectations. In the current article, we are investigating
the dynamic contact angle in greater detail.
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2. MATERIALS AND EXPERIMENTAL SETUP

2.1. Synthesis of the ionic liquids
RTILs under study (Fig. 1) were synthesized by metathesis reactions from
the coresponding imidazolium or pyridinium chlorides or bromides, which were
obtained from Iolitec GmbH in a >98% purity and used without further purification. The determination of the ion purity was achieve by means of ion chromatography (IC) from Metrohm GmbH und Co. KG consisting of a 733 IC separation
center, a 732 IC detector and a 753 suppressor module. All starting chlorides and
bromides were obtained from Iolitec GmbH in a >98% purity and used without
further purification.

Fig. 1 Structure and abbreviation of ions used to form the ILs under study.

(a) Syntesis of 1-Allyl-3-methylimidazolium dicyanamide (AllMIM DCA)
1-Allyl-3-methylimidazolium chloride (100 g, 0.63 mol) was dissolved in dry
acetonitrile and sodium dicyanamide (57.9 g, 0.65 mol) was added portionwise.
The reaction mixture was stirred at RT for 3 days, filtered off and the solvent was
removed in a rotary evaporator, and the purification process was completed by one
more filtration and heating the ionic liquid at 50ºC for 24 h under high vacuum. A
liquid with a yellowish coloration was obtained. The purity of the desired product
was confirmed by IC and was found to be 98.7 DCA and 98.9% AllMIM. A water
content of 1020 ppm in the final product was measured by Karl Fischer titration.
(b) Syntesis of 1-Ethyl-3-methylimidazolium dicyanamide (EMIM DCA)
1-Ethyl-3-methylimidazolium bromide (100 g, 0.507 mol) was dissolved in
dry acetonitrile and sodium dicyanamide (49 g, 0.55 mol) was added portionwise.
The reaction mixture was stirred at RT for 3 days, filtered off and the solvent was
removed in a rotary evaporator, and the purification process was completed by one
261

more filtration and heating the ionic liquid at 50 ºC for 24 h under high vacuum. A
liquid with a yellowish coloration was obtained. The purity of the desired product
was confirmed by IC and was found to be 98,3% DCA and 98.8% EMIM . A water
content of 980 ppm in the final product was measured by Karl Fischer titration.
(c) Syntesis of 1-Ethyl-3-methylimidazolium thiocyanate (EMIM SCN)
1-Ethyl-3-methylimidazolium bromide (100 g, 0.507 mol) was dissolved in dry
acetonitrile and sodium thiocyanate (44.6 g, 0.55 mol) was added portionwise. The
reaction mixture was stirred at RT for 3 days, filtered off and the solvent was removed
in a rotary evaporator, and the purification process was completed by one more filtration and heating the ionic liquid at 50ºC for 24 h under high vacuum. A liquid with a
red-brown coloration was obtained. The purity of the desired product was confirmed
by IC and was found to be 98.4% for SCN and 98.6 for EMIM. A water content of
1920 ppm in the final product was measured by Karl Fischer titration.
(d) Syntesis of 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfony
l)imide (EMIM BTA)
1-Ethyl-3-methylimidazolium bromide (100 g, 0.507 mol) was dissolved in
dichloromethane (299 ml) and lithium bis(trifluoromethylsulfonyl)imide (157.9
g, 0.55 mol) in 200 ml water was added. . The reaction mixture was stirred at RT
for 2 hours, the phases separated and the organic phase washed 5x50ml water.
The solvent was removed in a rotary evaporator, and the purification process was
completed by heating the ionic liquid at 90 ºC for 24 h under high vacuum. A
liquid with a slightly yellowish coloration was obtained. The purity of the desired
product was confirmed by Ion chromatography and was found to be 99.9% TFSI
and 99.8% EMIM . A water content of 90 ppm in the final product was measured
by Karl Fischer titration.
(e) Syntesis of 1,3-Diethylimidazolium bis(trifluoromethylsulfonyl)imide
(DiEIM BTA)
1,3-Diethylimidazolium bromide (100 g, 0.49 mol) was dissolved in dichloromethane (299 ml) and lithium bis(trifluoromethylsulfonyl)imide (157.9 g, 0.55
mol) in 200 ml water was added. The reaction mixture was stirred at RT for 2 hours,
the phases separated and the organic phase washed 5x50 ml water. The solvent was
removed in a rotary evaporator, and the purification process was completed by heating the ionic liquid at 90 ºC for 24 h under high vacuum. A liquid with a slightly
yellowish coloration was obtained. The purity of the desired product was confirmed
by IC and was found to be 99.9% TFSI and 99.7% DiEIM. A water content of 80
ppm in the final product was measured by Karl Fischer titration.
(f) Syntesis of 1-Ethyl-3-methylpyridinium bis(trifluoromethylsulfonyl)i
mide (Et3Pic BTA)
1-Ethyl-3-methylpyridinium bromide (100 g, 0.49 mol) was dissolved in dichloromethane (299 ml) and lithium bis(trifluoromethylsulfonyl)imide (157.9 g,
0.55 mol) in 200 ml water was added. . The reaction mixture was stirred at RT for
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2 hours, the phases separated and the organic phase washed 5x50 ml water. The
solvent was removed in a rotary evaporator, and the purification process was completed by heating the ionic liquid at 90 ºC for 24 h under high vacuum. A liquid with
a slightly yellowish coloration was obtained. The purity of the desired product was
confirmed by IC and was found to be 99.9% TFSI and 99.6% Et3Pic. A water content of 70 ppm in the final product was measured by Karl Fischer titration.
2.2. Experimental setup
Surface tension and viscosity measurements
Surface tension was measured using pendant drop method on Rame-Hart instrument No.290. All experiments were performed at temperature 22 °C. Every
measurement was carried out in a triplicate (with 3 pendant drops). 200 measurements were made with every drop. The surface tension was determined by surface
profile analysis. No special care was taken to reduce the humidity of the surrounding environment. The viscosities were measured on BROOKFIELD DV-II+ Pro
Programmable Viscometer.
Solid surface preparation
Coverglasses 20x20 mm from “Knittelgläser” (borosilicate glass) were used
for substrates. They were not very hydrophylic even before the hydrophobization
took place (water TPC angle was 13.5˚). The solid surfaces preparation includes
hydrophobization and further cleaning of both hydrophobic and hydrophilic surfaces. The glass surfaces were hydrophobized with bistrimethylsilcylacetamide
(BSA). About 70% hydrophobization is achieved with this method [33–35]. The
surfaces were cleaned with ethanol and dried at room temperature.
Contact angle measurements
All measurements of both static and dynamic TPC angles were performed
at standard volume of the drop V = 5 μl at temperature 22 °C. The drop profiles
were processed with ImageJ “DropSnake” plug-in [33]. Every measurement was
carried out in a triplicate.
Static contact angle (θst) measurement. The contact angle of a drop on a flat
surface (at tilt α = 0) is called static contact angle θst (Fig. 2).
Static advancing and receding angles (θa,st and θr,st) measurement at critical tilt αcr. As we incline the surface, the contact receding and advancing angles
change while the TPC line remains pinned. At a certain critical tilt angle, αcr, the
droplet starts to move. We will refer to the contact angles measured at this tilt αcr
as “static advancing angle” θa,st (at the front of the droplet) and “static receding
angle” θr,st (at the rear of the droplet, Fig. 2) [34, 35].
Dynamic contact angle and TPC line propagation rate measurements.
At tilt angles α > αcr, the droplets were moving with observable velocities. The
dynamic advancing and receding TPC angles of these moving droplets were measured. The higher the velocity, the more θa and θr deviate from their static values.
263

Rate of the TPC line propagation v was determined directly through the TPC line
positions ya (at the droplet front) and yr (at the droplet rear) dependence on time t (see
Fig. 2). The dynamic advancing and receding angles θa and θr were simultaneously
measured. The rate of TPC line propagation was calculated as ya(t) and yr(t) derivatives with respect to time t. The rate, v, could be controlled by changing the tilt angle
α from a minimal value αcr (corresponding to v = 0) to maximal value α = 90˚, corresponding to a certain maximal velocity of vmax; with our method, velocities higher
than vmax cannot be observed. The rate of the droplet rear propagation was taken with
negative sign (the TPC line recedes). The rate v, plotted versus the dynamic contact
angles’ cosines, cosθa and cosθr, represents the dynamic TPC rate low [26–32, 34].
The advantage of this method is that (1) only a small quantity of the ionic
liquid is needed for the measurements (compared with the well-established techniques, e.g. [30]), and (2) it makes it possible to measure also the receding angles
(compared to [16]).

Fig. 2 Definition of the TPC angles measured. (a) Static contact angle measurements. At tilt
α = 0, the droplet shape is symmetric with angle θst. (b) Static advancing and receding angles
measurement at the critical tilt αcr. At any tilt 0 < α < αcr, the droplet has no observable velocity.
(c) Dynamic contact angle measurements. At tilt α > αcr, the droplet is in motion. From its
profile, the dynamic advancing and receding angles θa and θr were determined. Simultaneously,
the position of the TPC at the front of the drop, ya(t), and at its rear, yr(t), were measured as
functions of time t. From the dependence y(t), the corresponding TPC line rate of propagation
v was determined by differentiation. The rate v can be easily controlled by shifting the tilt α
(the larger the tilt, the higher the velocity of the drop).
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3. RESULTS AND DISCUSSION

3.1. Quasi-static wetting properties of ionic liquids
The results are given in Table 1.
(a) The surface tension measurements can be compared to other authors
data: EMIM DCA 64.0 mJ/m2 [36] vs. 53.8 mN/m; EMIM SCN: 57.76 mN/m
[37] vs. 54.01 mN/m; EMIM BTA: 35.71 mN/m [17], 36.1 mN/m [38], 41.9 mN/
m [39] vs. 33.60 mN/m; Water at 22˚C: 72.30 mN/m [40] vs. 71.81 mN/m. The
surface tensions measured by us are lower than the cited ones. This is due to contamination of surfactants in our measurements or/and high concentration of water
in the other authors’ measurements.
(b) Upon hydrophobization of the glass, the static TPC angles increase significantly for all ionic liquids. There is one exception: EMIM BTA has nearly
the same contact angle on both hydrophilic and hydrophobic surfaces (only 3.3˚
increase of the TPC angle upon hydrophobization). What is most striking is that
only the combination of EMIM+ cation and BTA– anion is not reacting to hydrophobization. Even with the structurally very similar DiEIM BTA, there is a 25.0˚
increase of the contact angle.
(c) The difference between the surface energies of the dry surfaces Δσ = σSG
– σSL is estimated by assuming that θst is approximately equal to the equilibrium
(Young) TPC angle θY: Δσ ≈ σ cos θY. This estimate is reasonable if hysteresis is
small and especially when contact angle is not close to 90˚. For EMIM DCA and
EMIM SCN angles are about 86˚ and a small change of θ results in large change
of the value of σ cos θY, therefore, we cannot give reasonable estimation of Δσ.
The same is valid for the hydrophilic surface, where the hysteresis is larger.
(d) It seems that the anion determines the wetting properties of RTIL at
hydrophobic surface. EMIM BTA, Et3Pic BTA and DiEIM BTA have remarkably
similar wetting properties at the hydrophobized glass surface; AllMIM DCA and
EMIM DCA are also similar while EMIM DCA, EMIM SCN and EMIM BTA are
not, even though they have common cation. This is not so on hydrophilic surface,
where a small change in the cation structure leads to strong effect on the wettability (e.g. DiEIM BTA vs. EMIM BTA).
(e) We use the critical tilt αcr as a measure for the barrier for TPC line motion. The higher the critical tilt the higher the energetic barrier. There seems to
exist a loose positive correlation between the critical tilt αcr and the hysteresis θa,st
– θr,st. The effect of hydrophobization on the energetic barrier of all RTIL drops is
very pronounced: on hydrophilic surfaces, all drops were nearly immobile at any
tilt (except for EMIM BTA and DiEIM BTA, which were in motion at α > 50˚).
On hydrophobic surfaces, the barrier was obviously lower (20˚ > α > 10˚).
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Table 1. Properties of the investigated ionic liquids. (1) density, ρ; (2) viscosity η; (3) surface
tension σ; (4) static contact angle θst, measured at tilt α = 0 on the hydrophilic surface; (5) static
contact angle θst, measured at tilt α = 0 on the hydrophobic surface; (6) Δσ ≈ σ cos θst, difference of
the surface energies of wet and dry hydrophobic surface; (7) critical tilt of the substrate αcr, at which
the drop starts to move on the hydrophobic surface; (8) the static advancing contact angle θa,st at tilt
αcr; (9) the static receding contact angle θr,st at tilt αcr on the hydrophobic surface; (10) hysteresis
θa,st – θr,st. No data for αcr, θa,st and θr,st were obtained because on hydrophilic surface, droplets were
nearly immobile at any tilt, with two exceptions: EMIM BTA and DiEIM BTA. For these two ionic
liquids, the critical tilt angle was around 50˚, but that value was not well reproducible (neither was
the corresponding values for θa,st and θr,st). All data were obtained at temperature 22˚C, except the
viscosities, which were measured at 21˚C.

liquid
AllMIM
DCA
EMIM
DCA
EMIM
SCN
EMIM
BTA
DiEIM
BTA
Et3Pic
BTA
water

η
ρ
kg/m3 mPa·s

σ
mN/m

hydrophilic
θst
deg

θst
deg

Δσ
mN/m

αcr
deg

θa,st
deg

θr,st
deg

hysteresis

hydrophobic

1071

16

37.6

45.9

82.5

4.9

10.0

82.7

82.0

0.7

1107

16.8

53.8

40.7

86.4

-

16.0

87.6

83.4

4.2

1145

24.7

54.0

62.7

86.3

-

22.0

88.3

81.0

7.3

1548

39.4

33.6

63.5

66.8

13.2

18.0

68.5

65.8

2.7

1450

27.9

31.6

40.3

65.3

13.2

11.0

67.5

62.4

5.1

1512

36.6

32.9

42.0

67.1

12.8

19.0

69.4

64.2

5.2

998

0.98

72.3

13.5

86.5

–13.5

-

21

-

86.0

3.2. Dynamic contact angle of ionic liquids. Mechanism of wetting
The dependence of the front and rear position ya and yr on time t is shown in
Fig. 3. The derivative v = dy/dt was determined from the experimental data using
three adjacent ya or yr points, yj+1, yj, yj–1, as the divided difference
v j ≡ dy / dt j =

(t

(t
j +1

j

− t j −1 )y j+1

− t j −1 )(t j +1 − t j

(t
) (t
+

j +1
j +1

− 2t j + t j −1 )y j

− t j )(t j − t j −1 )

−

(t

(t
j +1

j +1

− t j )y j −1

− t j −1 )(t j − t j −1 )

(1)

Typically, droplets kept the difference ya–yr constant during the observation,
therefore v, determined as dya/dt was the same as dyr/dt (the velocity of the receding TPC line is taken with negative sign). Simultaneously, both the dynamic
advancing and the receding angles were measured. Using the vj and θj values, determined in this way, the dependence of rate v on cosθ was plotted (Fig. 4). Often,
in the initial stage drops were accelerating before reaching constant velocity (as
in Fig. 3). We assumed that the contact angle depends only on v and not on the
acceleration, so we included these initial points in the rate law v(θ) plot.
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Fig. 3 (a) Position of the TPC line at the droplet front (ya) and the droplet rear (yr) as functions of
time at tilt α = 90° (DiEIM BTA, hydrophobic surface). The corresponding rate of propagation
can be extracted by differentiation. (b) The corresponding θa and θr dependence on time, see
also Fig. 2. In the first few frames, not the whole droplet was within the field of view of the
camera, therefore in the initial moments, only ya and θa could be determined. The moving droplet
maintained constant velocity at most tilts, except for tilts close to αcr, where acceleration was
observed (the figure on the left is an example for such behavior). Analogously, the dynamic
contact angles were constant at larger tilts, while they might change with time at α ~ αcr.

The v(θ) dependence gives information about the mechanism of the TPC line
motion and the dissipative processes at the TPC.
(a) If hydrodynamic friction is the main dissipative mechanism, then
Voinov’s model for the TPC line motion gives the relation

v = A (θ3 − θ3Y ), where

A=

σ
.
9η ln r∞ / r0
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Here r∞ is a characteristic length of the order of the droplet length, and r0 is a
cut-off parameter of the order of a few molecular sizes. It should be pointed, that
Voinov’s equation assumes the liquid is Newtonian fluid. Whether the RTILs under investigation are Newtonian fluids or not requires a separate study, but taking
into account that the RTILs under investigation do not posses long alkyl chains, it
could be assumed that they behave as Newtonian fluids [2].
Experimental data for DiEIM BTA at hydrophobized glass surface were compared with Voinov’s equation, and it was found that it is in qualitative disagreement with the experimentally obtained v(θ) dependence.
(b) If dissipation is localized in the TPC contact line and motion is obeying
barrier (Eyring) mechanism, then according to Blake-Haynes adsorption-desorption model [28]

v = 2v 0 sinh ⎡⎣ b (cos θY − cos θ )⎤⎦ , where

(2)

v 0 = λνe − FA /k BT .

(3)

Here the characteristic frequency ν can be identified with Eyring’s frequency

ν=

k BT
;
h

(4)

h is the Planck constant, and kB is the Boltzmann constant. The b coefficient
is related to surface tension and temperature via

b=

λ 2σ
,
2k BT

(5)

where λ, according to Blake and Haynes, is the average distance between the adsorption sites at the solid surface. Finally, FA is the barrier for jump of a molecule
from one adsorption site to another.
A step mechanism for TPC line motion on chemically heterogeneous or rough
surface was proposed [41], which led to precisely the same form of the dependence v(θ) as given by (2). However, the interpretation of the parameters ν and λ
is different. The length λ is identified with a characteristic length of the TPC line
corrugation (related to the structure of the substrate). The frequency ν was identified with the frequency of the capillary wave with length λ at the liquid surface,
given by the formula [42,43]

ν cap =

π σ
,
4 ρλ 3

where ρ is the ionic liquid density.
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(6)

The rate law (2) compares well to the experimental data for dynamic contact
angles measured for DiEIM BTA at hydrophobized glass surface (Fig. 4). The best
fit parameters are given by
θY = 61.9˚, b = 10.1, v0 = 0.269 mm/s.
These values are of the right order [31,32,41]. No asymmetry between advancing
and receding [41] is observed. Compared to the static advancing and receding angles,
Young angle, θY, is closer to θr,st (the same is valid for θst, which also has value closer
to θr,st than to θa,st, see Table 1). From the values of b, the length λ can be calculated.
Taking σ = 31.58 mN/m (see Table 1) at T = 275.15 K, from (5) we obtain the value
λ = 1.6 nm. From the value of v0, we can estimate the energetic barrier for TPC line
propagation, FA, using (3). If the frequency ν is identified with Eyring’s frequency
(4) (ν= 6.1·1012 Hz at 22˚C), then we can calculate FA = 17.4×kBT from (3). If we take
the capillary wave frequency (6) (using the value of the density ρ = 1450 kg/m3 in (6),
we obtain νcap = 6.5·1010 Hz), from (3), the value FA = 12.9×kBT will be obtained.
At low spreading velocities, there are deviations between the experimental
velocities and the model predictions. They can be explained with switching from
one dynamic regime to another, which is a widespread behavior [41,28,32].

Fig. 4 Rate of TPC propagation v vs. dynamic TPC angle cosine cos(θ). Exemplary curve
for DiEIM BTA at hydrophobized glass surface. Red points are experimental. Solid line is
comparison with Blake-Haynes model.
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ADSORPTION COMPONENT OF THE DISJOINING PRESSURE IN
THIN LIQUID FILMS
ROUMEN TSEKOV
Department of Physical Chemistry, University of Sofia, 11, J. Bourchier Blvd., 1164 Sofia, Bulgaria
Abstract. The disjoining pressure isotherm in foam films is theoretically studied and an
important contribution of adsorption is discovered. On the basis of interfacial thermodynamics an
adsorption disjoining pressure component is derived, which is repulsive and exponentially decaying
by the film thickness. Expressions for its magnitude and decay length are derived in terms of wellknown thermodynamic characteristics such as the partial Gibbs elasticity and adsorption length.
Several adsorption isotherms are considered and the corresponding adsorption disjoining pressure
components are calculated. An important coupling between the interfacial layer phases and wetting
transitions is discussed as well.

INTRODUCTION

Thin liquid films are anisotropic structures and the pressure tensor inside a
film possesses distinct components [1]. The normal component PN of the pressure tensor is constant equal to the pressure in the neighboring homogeneous bulk
phases. The tangential component PT of the pressure tensor exhibits non-monotonous profile across the film. If the liquid film is thin enough, the transition regions
of the two film surfaces overlap thus leading to appearance of disjoining pressure
[2]. The overall excess of PN against PT defines the film tension γ [3]
∞

γ=

∫ (P

N

− PT )dz = 2σ + Π h

(1)

−∞

where the interfacial part of γ equals to twice the film surface tension σ and Π
is the disjoining pressure (Fig. 1). The Gibbs-Duhem relation for the film at constant temperature reads [4]

2d σ = −Π dh − 2∑ Γi d μi

(2)
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where {Γi , μi } are the adsorptions and electrochemical potentials of all the film
components excluding the solvent, whose adsorption is set to be zero. Equation
(2) provides straightforward an important definition of the disjoining pressure as
the thickness derivative of the film surface tension

Π = −2(∂ h σ)T ,μ

(3)

as well as the following Maxwell relationship
2(∂hГi)TT,μ,μ = (∂∂ μ П)T,h

(4)

i

which hints already the important contribution of adsorption on the disjoining
pressure [5, 6].
PN
bulk phase
PT
σ
h

thin film

Π
σ

bulk phase

Fig. 1 Schema of the pressure tensor distribution in a symmetric thin liquid film.

In the present paper a shorter notation ∂ x ≡ ∂ / ∂x , used often in the physics
literature, is adopted everywhere for the partial derivatives.
Disjoining Pressure Isotherm
According to Eq. (2) the film surface tension depends on temperature, film
thickness and electrochemical potentials of dissolved species. In theory, however, it
is more suitable to consider T , h and adsorptions as variables, i.e. σ = σ(T , h, Γ) .
Hence, the film surface tension depends on the film thickness either explicitly or
via the thickness dependence of the adsorptions. Thus, the definition (3) can be
split into two distinct components of the disjoining pressure
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Π = −2(∂ h σ)T ,Γ − 2∑ (∂ Γi σ)T ,h (∂ h Γ i )T ,μ

(5)

Considering small deviations of the adsorption on the film surfaces with
respect to the case of a single surface, one can replace the term (∂ Γi σ)T ,h by
(∂ Γi σ)T ,h =∞ = − EG ,i / Γi (h = ∞) − zi F φ / 2 in Eq. (5), where EG ,i and φ are, respectively, the partial Gibbs elasticity and the surface potential on a single surface.
Thus, Eq. (5) acquires the approximate form

Π = −2(∂ h σ)T ,Γ + φ(∂ h q )T ,μ + 2∑ EG ,i (∂ h Γ i )T ,μ / Γ i (h = ∞)

(6)

∑

zi F Γi is the surface charge density.
where q =
Obviously the first term in Eq. (6) accounts for the solvent interactions. In the
case of foam film from pure solvent −2(∂ h σ)T ,Γ=0 reduces to the van der Waals
component of the disjoining pressure ΠVW = − A / 6πh3 with A being the corresponding Hamaker constant [7]. Since the films consist usually by dilute solutions,
their Hamaker constants do not differ substantially for those of pure solvents. It
is interesting to note that the van der Waals component can be also derived solely
from consideration of the adsorption in pure liquid films [6]. One can easily recognize the electrostatic disjoining pressure component in the second term of Eq.
(6). Indeed, substituting the well-known expression for the surface charge density
q = ε 0 εκφ tanh( κh / 2) , following from the linearized Poisson-Boltzmann equation, yields the classical expressions for the electrostatic disjoining pressure at low
surface potentials or surface charge densities, respectively, [8]
Π EL =

ε 0 εκ 2 φ2
q2
=
2 cosh 2 ( κh / 2) 2ε 0 ε sinh 2 ( κh / 2)

(7)

where κ is the reciprocal value of the Debye length.
Let us consider now the last adsorption term of the disjoining pressure in Eq.
(6). To calculate its thickness dependence one can employ the Maxwell relation (4).
Introducing the following definition for the difference ΔX ≡ X (h) − X (h = ∞)
between the values of a property in the film and in the bulk liquid one can write
that Π = −Δp where p is the film pressure. Thus, the Maxwell relation (4) can
be consecutively modified to

2(∂ h Γi )T ,μ = (∂ μi Π )T ,h = −Δ (∂ μi p )T ,h = −ΔCi = −α i ΔΓ i

(8)

where {Ci } are the concentrations of components and {α i } are the reciprocal values of adsorption lengths depending on the adsorption equilibrium con275

stants. Hence, the adsorption component of the disjoining pressure and adsorption
changes are due to the difference ΔCi in the surfactant concentration in the film
as compared to the corresponding bulk phase in the meniscus. Solving the linear
differential equation (8) under the obvious condition Γi (h = 0) = 0 yields

Γi = Γi (h = ∞)[1 − exp(−α i h / 2)]

(9)

As is seen, the adsorption in films is lower than the adsorption on a single
interface due to overlap of the concentration transition regions. Now substituting
this expression into the definition of the adsorption disjoining pressure, i.e. the last
term of Eq. (6), leads to

Π AD = ∑ α i EG ,i exp(−α i h / 2)

(10)

The similarity of this expression with the electrostatic Eq. (7) at large κh is
due to the existence of adsorption diffusive layers at the film surfaces [9].
Adsorption Disjoining Pressure
To describe the contribution of the specifically adsorbed species knowledge for
the corresponding adsorption isotherms is required. Henry’s isotherm K i Ci = Γ i
is the simplest model, which is valid for dilute solutions. In this case α i = 1/ K i
is a constant and the partial Gibbs elasticity depends linearly on the concentration,
EG ,i = RTK i ci , where {ci ≡ Ci (h = ∞)} are the surfactant concentrations of the
solution used to make the films. Introducing these expressions in Eq. (10) yields
the adsorption disjoining pressure component in the form

Π AD = RT ∑ ci exp(− h / 2 K i )

(11)

As is seen, Π AD is positive and represents the osmotic pressure difference between
the meniscus liquid and film, which is due to different concentrations equilibrated
by different adsorptions. A typical value for the Henry constant K i is of the order
of hundreds of microns. This means that the adsorption disjoining pressure from
Eq. (11) is extremely long-ranged repulsion. However, since the Henry isotherm
is valid for very dilute solutions, the concentrations {ci } should be small and thus
Π AD from Eq. (11) is practically negligible.
As is expected the adsorption disjoining pressure becomes important for relatively concentrated solutions. In this case, however, the Henry isotherm is no
more applicable. A reasonable model here is the Langmuir adsorption isotherm,
which for the case of presence of a single surfactant reads

KC = Γ / (1 − aΓ)
276

(12)

where a is the molar area in the saturated layer. The partial Gibbs elasticity of
the Langmuir layer is the same as above, EG = RTKc , but the adsorption length
1/ α = K / (1 + aKc) 2 is substantially decreased. For instance, at concentrations
about 1 mM the adsorption length is of the order of hundreds of Angstroms. This
value is commensurable with the Debye length at the same electrolyte concentrations. Also the pre-exponential factor is significantly increased with respect to Eq.
(11). Hence, at large surfactant concentrations the adsorption disjoining pressure

Π AD = RTc(1 + aKc) 2 exp[−(1 + aKc) 2 h / 2 K ]

(13)

becomes important. Note that Π AD exhibits now a maximum with respect to the
surfactant concentration. Equation (13) reduces naturally to Eq. (11) at low concentrations.
Since in the example above the meaningful adsorption corresponds to about
90 % of the maximal one, additional complications can arise from the interactions
between the adsorbed molecules. They could be accounted for by a more complicate adsorption isotherm, such as the Frumkin one

KC = exp(−β aΓ)Γ / (1 − aΓ)

(14)

where the coefficient β accounts for the interactions in the adsorption layer. The
corresponding partial Gibbs elasticity and reciprocal adsorption length can be expressed as functions of the adsorption

EG = RT Γ

1 − β aΓ(1 − aΓ)
1 − β aΓ(1 − aΓ)
α = exp(−β aΓ)
K (1 − aΓ) 2
1 − aΓ

(15)

and replaced in the disjoining pressure model (10) the latter acquires the form
Π AD = RT

Γ[1 − β aΓ(1 − aΓ)]2
[1 − β aΓ(1 − aΓ)]
exp{−β aΓ − exp(−β aΓ)
h} (16)
3
K (1 − aΓ)
2 K (1 − aΓ) 2

The relevant concentration dependence can be obtained by combining this
expression with Eq. (14). In the case of a positive and sufficiently large β the
Frumkin isotherm describes a phase-transition in the interfacial layer which reflects in an abrupt change of the adsorption. Thus in the two-phase coexistence region Π AD will possess two different values, which will induce film stratification.
Hence, the interfacial and wetting phase-transitions are coupled and cross-linked
effects are expected to occur [10].
Finally, the adsorption disjoining pressure is very sensitive to the interfacial
properties. Any surface modifications will reflect in changes of the adsorption
and, hence, in Π AD . This is especially significant for wetting films, where the socalled hydrophobic disjoining pressure Π HP is observed [11]. It decays exponen277

tially with the film thickness increase and has short- and long-ranged components
[12]. A previous analysis [13] showed that the adsorption disjoining pressure is an
important part of Π HP . In contrast to the present case, however, Π AD in wetting
films could be either attractive or repulsive depending on the hydrophobicity of
the two film surfaces. A further description of the adsorption component of the
disjoining pressure could take into account the dependence of the specific adsorption constants on the film thickness as well, which is week in general [6].
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Аbstract. First time in Bulgaria was studied species of genus Salvia. Four furoclerodane
diterpenoids – Salviаrin (1), Splenolide A (2) Splenolide B (3) and Splendidin (4) were isolated from
the aerial parts of Salviа splendens. The structure and configuration of compounds were established
by spectroscopic methods and by comparison (Mps, TLC) with authentic samples.
Key Word Index. Salvia splendens; Labiatae; neo-clerodane diterpenes; Salviаrin; Splenolide
A; Splenolide B; Splendidin.
Резюме. За първи път в България е изследван представител на род Salviа за наличие на
дитерпени. От наземните части на Salviа splendens бяха изолирани четири нео-клероданови
дитерпеноиди – Salviarin, Splenolide A, Splenolide B и Splendidin, структурата на които беше
доказана чрез спектрални анализи и сравнение (Тт, TLC) с автентични проби. Тези съединения до сега не са били изолирани от български растителни видове
Ключови думи. Salvia splendens; Labiatae; нео-клероданови дитерпеноиди; – Salviarin;
Splenolide A; Splenolide B; Splendidin.

INTRODUCTION

Clerodane, neo-clerodane and labdane diterpenes isolated from species of different genera of family Lamiaceae are of interest on account of their biological activity
as insect anti-feedants against some economically important lepidopterous and lepti279

notarsa decemlineata say – pests; and as antifungal, antitumor, antimicrobial and molluscicidal agents. Continuation of our search of diterpenoids we have now investigated
Salviа splendens. From the aerial parts of the plant were isolated four furoclerodane
diterpenoids – Salviаrin (1), Splenolide A (2), Splenolide B (3) and Splendidin (4).
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RESULTS AND DISCUSSION

IR spectra of the compounds were consistent with the presence of a γ-lactone
(1780–1754 cm-1), δ-lactone (1736–1714 cm-1), ester groups for compounds 2 and 3
(1736 br., 1729 br., 1289, 1228 cm-1) and a olefinic double bond (1653–1601 cm-1).
Assignment of the 1H and 13C NMR spectral data (tables 1 and 2) together with the
heteronuclear multiple bond connectivity (HMBC), the heteronuclear single quantum coherence (HSQC) spectra and 1H double resonance experiments, confirming
the relative stereochemistry and evaluating the conformation for the rings of these
compounds. Presence of only one methyl group (δ 0.97–1.02) reveale furoclerodane skeleton with two lactones. The δ-lactone confirmed of characteristic signals
at δH 5.28 dd (12β –H), 2.60 d dd (8β-H); δC 50.10 d (C-8), 71.20 d (C-12), 170.10
s (C-17) and the absent of signals for protons of Me-17 group. The γ-lactone is in
good agreement with the data: δH 2.86 dd dd (4β-H), 4.27 d (19A), 4.15 dd (19B);
δC 52.10 d (C-4), 41.60 s (C-5), 175.15 s (C-18), 70.50 t (C-19) and the absent of
signals for protons of Me-18 group. Signals in 1H NMR (δ 7.39 dd, 7.36 t, 6.35 dd)
iand 13C NMR (125.16 s, 108.74 d, 140.03 d, 144.24 d) were assigned for furane
moity. For double bond betwen C-2 and C-3 were assigned signals at δH 5.87–6.00
d dd, 5.55–5.72 dd dd; δC 128.80–136.19d, 120.28–122.35 d.
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ЕXPERIMENTAL

The aerial material of Salviа splendens were collected in August 2011 in Plovdiv and voucher specimens were deposited in the Herbarium of the Higher Institute of Agriculture of Plovdiv, Bulgaria.
Melting points were determined on a Kofler block and are uncorrected.
IR spectra √max (KBr) cm-1 were run on a Perkin-Elmer 1750 (Infrared Fourier
trunsform spectrometer). 1H and 13C NMR spectra were recored in CDCL3 (TMS
as int. standard, 400 MHz).
Extraction and isolation. Dride and finely powdered aerial parts Salviа splendens L. (600 g) were extracted with Me2CO (3 x 3l) at room temp. For a week.
After filtration, the solvent was evapd under redused pressure and low temp. (50 °C)
yielding a gum (11,7 g), which was dissolved in aq. Me2CO (40%, H2O w/v, 200
ml). The soln was cooled to 3–4 °C for 24 hr and filtered. The filtrate was extracted
with CHCl3 (4 x 40 ml) and the organic extract was dried (Na2SO4) and evapd. In
vaquum giving a residue (4.2 g, biter fr.). This residue was subjected to CC (silica
gel Merck № 7734, deactivated with 10 % H2O, w/v 50g) eluting with hexane and
hexane – CHCl3 mixt (from 10:2 to 2 :1), yielding 120 mg of crude 1, 110 mg of 2
and 90 mg of 3. Pure compounds were obtained after crystallization from MeOH.
Salviarin (1). Colourless needles (acetone-n-hexane); mp 185–188 °C; IR √max
(KBr) cm-1 : 3151, 3110, 2925, 2856, 1778, 1714, 1653, 1508, 1464, 1291, 1211,
1180, 1154, 1016, 875, 811, 786, 705, 604, 486. 1H NMR: see table 1. 13C NMR: see
table 2. (Found: C. 70.52; H. 5.88. C20H19O5 requires: C. 70.79; H. 5.64 %).
Splenolide A (2). Colourless prisms, mp 224–228 °C; IR √max (KBr) cm-1 :
3183, 2930, 2830, 1779, 1729, 1606, 1517, 1448, 1303, 1255, 1178, 1142, 1032,
876, 836, 797, 742, 649, 488. 1H NMR: see table 1. 13C NMR: see table 2. (Found:
C. 67.25; H. 6.35. C20H22O6 requires: C. 67.03; H. 6.18 %).
Splenolide B (3). Colourless needles, mp 148-152 0C; IR √max (KBr) cm-1 :
3144, 2925, 2871, 1780, 1729, 1601, 1507, 1449, 1293, 1246, 1177, 1142, 1021,
874, 838, 790, 740, 699, 492. 1H NMR: see table 1. 13C NMR: see table 2. (Found:
C. 63.57; H. 5.17. C24H23O9 requires: C. 63.29; H. 5.09 %).
Splendidin (4). Colourless prisms, mp 160-1630C; IR √max (KBr) cm-1 : 2923,
2854, 1754, 1736, 1634, 1508, 1448, 1289, 1228, 1180, 1147, 1019, 875, 814,
787, 705, 692, 480. 1H NMR: see table 1. 13C NMR: see table 2. (Found: C. 66.59;
H. 5.67. C22H21O7 requires: C. 66.49; H. 5.33 %).
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Spectral Assigments and Reference Data
Table 1. 1H NMR chemical shifts, δ (ppm), and coupling constants, J (H,H) (Hz),
for compounds 1–4a (400 MHz, CDCl3, TMS as int. standard)
proton

1

2

3

4

J (H,H)

1

2

3

4

1α

2.06

4.29 dddd

2.02 dddd

5.44 dddd

1α,1β

d

-

18.2

-

1β

2.06b

-

2.53 dddd

-

1α,2

2.2

2.4

2.1

2.6

2

5.94 dddd

5.87 ddd

5.96 dddd

5.83 ddd

1α,3

~2.0

2.0

2.8

1.3

3

5.58 brdd

5.51 ddd

5.58 dddd

5.68 ddd

1α,4β

2.4

2.1

2.4

2.6

4β

2.73 dddd

2.76 ddd

2.75 dddd

2.82 ddd

1α,10β

12.0

10.0

12.0

9.3

6α

1.88b

1.74 dddd

1. 83dddd

1.81 dddd

1β,2

5.6

-

5.8

-

1.29 dddd 1.26 dddd

1.29 dddd

1.40 dddd

1β,3

~1.0

-

1.2

-

2.4

-

2.4

-

b

6β
7α

1.85b

1.87 dddd

1.85 dddd

1.92 dddd

1β,4β

7β

2.40

2.35 dddd

2.41 dddd

2.45 dddd

1β,10β

4.3

-

4.8

-

8α
10β
11α
11β
12β
14
15
16
19A
19B
Me-20
1β-OAc

2.41 brdd
1.95 dd
1.71 dd
2.17 dd
5.30 dd
6.36 dd
7.36 t
7.40 dd
4.20 d
4.14 dd
0.96 s
-

2.44 ddd
1.96 d
1.63 dd
3.00 dd
5.69 dd
6.36 dd
7.35 t
7.40 dd
4.33 d
4.16 dd
1.07 s
-

2.62 ddd
2.15 dd
5.14 d
5.22 d
6.34 dd
7.35 t
7.43 dd
4.17 d
4.14 dd
0.93 s
-

2.74 ddd
2.45 dddd
5.33 d
5.83 ddd
6.35 dd
7.36 t
7.43 dd
4.32 d
4.09 dd
1.03 s
2.00 s

2,3
2,4β
3,4β
6α,6β
6α,7α
6α,7β
6α,8α
6β,7α
6β,7β
6β,19B
7α,7β
7α,8α

10.0
2.4
2.7
14.6
d
d
<1.0
13.0
4.0
1.6
d
4.0

10.0
2.4
2.8
14.0
3.6
3.2
1.2
14.1
3.3
2.0
14.2
4.4

10.0
2.1
2.8
14.8
4.0
4.0
1.0
13.6
4.0
1.7
14.4
4.0

10.0
2.6
2.6
14.2
4.0
2.8
1.2
14.0
3.6
1.9
14.4
4.0

11β-OAc

-

-

1.94 s

1.86 s

7β,8α

2.8

2.8

2.8

3.3

-

-

-

-

-

11α,11β
11α,12β
11β,12β
14,15
14,16
15,16
19A,19B

14.3
10.0
2.8
1.7
0.9
1.7
9.0

14.4
12.2
3.4
1.9
0.8
1.9
9.0

10.8
1.8
0.8
1.8
9.0

11.2
1.8
0.9
1.8
9.0

b

a
b
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All these assignments were in agreement with COSY, HSQC and HMBC spectra.
Overlepped signals; δ values were measured from the HSQC spectra.

Spectral Assigments and Reference Data
Table 2. 13C NMR chemical shifts, δ (ppm), for compounds 1-4(CDCl3)
carbon

1

2

3

4

1

22.33 t

66.15 d

24.17 t

67.13 d

2

129.20d

136.56d

129.61d

129.27d

3

121.76d

120.61d

121.92d

122.78d

4

52.56 d

53.33 d

52.59 d

51.76 d

5

41.79 s

43.44 s

42.03 s

42.83 s

6

32.84 t

33.01 t

32.47 t

32.06 t

7

19.26 t

19.58 t

19.87 t

19.77 t

8

49.45 d

51.33 d

49.50 d

50.61 d

9

35.58 s

36.56 s

39.41 s

40.41 s

10

38.64 d

44.61 d

38.30 d

41.82 d

11

41.31 t

44.39 t

74.09 d

73.67 d

12

70.38 d

73.58 d

71.93 d

71.60d

13

125.17s

126.45s

121.10s

121.89s

14

108.71d

109.21d

108.90d

108.96d

15

144.24d

144.66d

144.43d

144.66d

16

140.02d

140.56d

141.76d

142.13d

17

171.76s

174.43s

169.85s

169.46s

18

175.8 s

177.3 s

175.7 s

174.4 s

19

70.90 t

71.93 t

70..38 t

70.87 t

20

24.08 q

24.62 q

19.44 q

19.56 q

1β-Oac
11β-Oac

-

-

-

170.4 s

-

-

-

22.15 q

-

-

169.4 s

170.1 s

-

-

21.15 q

20.41 q

All assignments were in agreement with HSQC and HMBC spectra.
Acknowlegewments. We thak Prof. Maurizio Bruno for measurement of NMR spectra and
thank Prof. Georgi Papanov for material support and given advices.
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Abstract. A clinoptilolite zeolite was coated with copper via ion exchange and spray
pyrolysis methods. Cu-clinoptilolites were tested as catalysts for decomposition of gas phase
ozone. Catalytic activity up to 90% ozone conversion was observed for samples loaded via
spray pyrolysis and at the same time the catalysts remained active over time. Ion exchanged
form Cu-clinoptilolite shows smaller activity 15% ozone conversion. D.C. arc-AES, XRD,
SEM and XPS analysis were carried on for chemical characterization of the samples.
Key words: zeolite, spray pyrolysis, ion exchange, ozone decomposition, waste gases

1. INTRODUCTION

The Bulgarian clinoptilolite (CL) (CAS No.:12173-10-3) is a natural zeolite
with HEU–type framework and some of its structure and properties were widely
investigated and discussed in literature since last century up to day [2,1,3]. As an
agent of zeolite class, clinoptilolite can be used as catalyst support, adsorbent and
ion exchanger. Clinoptilolite is naturally formed mineral and it is cheaper than
new synthetic zeolites such as ZSM-5; Cu2+ loaded into the channels can be used
as catalytic centre for several types of reactions. So our interest in copper coated
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or loaded clinoptilolite is provoked by these facts: In last work Boevski et.al.
2011 [4], revealed that Cu, introduced as T-atom into the channels via the ionexchanged method, could decompose ozone concerning over the reaction 2O3 →
3O2. Ozone is widely used as an oxidant for waste water treatment, drinking water
sterilization, industrially and in the laboratory for purification and sterilization
[5]. Conversely, ozone a highly toxic gas, is harmful for all living organisms and
particularly dangerous for the human health on direct exposure. The exhaust gases
from such processes described above contain residual ozone and in addition, may
give rise to air pollution problems that must be solved [6]. However, the conversion of O3 over Cu2+ion-exchanged zeolite - clinoptilolite (Cu-CL), started first
with higher percentage but during the time prolongation decreases [4]. So here,
with this work we present another method to incorporate Cu over natural CL by
simple and fast spray pyrolysis method, and to characterize of Cu loaded zeolite
(Cu/CL). The new catalytic experiments were carried out and compared with the
results of Cu2+-CL samples. Over the last decades spray pyrolysis has been one of
the mainstream chemical methods applied for formation of thin layers and particles (powders) of different compounds, alongside with the sol-gel method [7,8,9].
One of the reasons for the interest towards this method is the fact that it is a
cheap one and it incorporates simplified equipment in comparison to the physical
methods for formation of thin layers (vacuum evaporation, magnetron sputtering,
etc.) The method allows mixing of initial components at a molecular level. It also
enables easy formation of multicomponental materials having a complex chemical and phase composition, such as ferrites, superconductors, spinel types, etc.
for application as catalysts, sensors, optical elements, and others. Spray pyrolysis
allows doping, in practice, with any chemical element and in various proportions,
and a distinctive feature of sprayed catalysts is the homogeneous distribution of
the ingredients throughout the entire particle since all ingredients are formed from
a homogeneous solution [10,11].
2. EXPERIMENTAL

2.1. Samples preparation
2.1.1. Spray pyrolysis.
10 g substrate – (CL) fraction 3–5 mm) obtained from Bentonit AD in Beli
Plast deposit, was put in crucible and situated in pot furnace, which was heated
to the decomposition temperature (300 oC) of the precursor Tetra-μ2-aceatodiaqu
adicopper(II)). The aerosol of precursor solution in water was generated by pneumatic glass nebulizer and transported to the substrate. The spray coating process
was repeated 5 times at a 10-second interval at the same time the sample were
mechanically stirred in order to obtain homogeneous distribution of the drops
over the all surface of zeolite particles.. The final treatment at 300–400 oC was
carried out for 60 min for decomposition of all rest acetate and calcination. The
286

Cu content in the acetate precursor was calculated so to obtain 7.5 Cu wt % in the
final product Cu/Clinoptilolite (Cu/CL).
2.1.2. Ion exchange
Same CL, were put in an Erlenmeyer flask over magnetic stirrer, closed and
mixed with 250 mL aqueous solution of ammonia (Valerus, Bulgaria) overnight. After
filtration over sintered glass filter (3 MO 4) and washing with distilled water, the NH4+
form (NH4-CL) was obtained. After this step the sample was calcined at 600 oC (24 h)
to become the H+ form (H-CL). This form was exchanged once again with Cu water
soluble salts (0.2 M, sources: Cu(NO3)2.3 H2O (Institute of Pure Compounds, Univ. of
Sofia), on a rotatory evaporator device. Cu2+-CL were thus obtained.
2.2. Analysis of the samples.
D.C. arc – AES method. This method was conducted on spectrograph PGS-2
(Carl Zeiss-Jena) equipped with a ruled grating (650 grooves mm-1 and λ blaze
570 nm). The crystalline phase composition of the samples was studied by XRD,
using X-ray diffractometer Philips PW 1050 with CuKα-radiation. XPS measurements were performed in VG ESCALAB II electron spectrometer using AlKα radiation with an energy of 1486.6.eV. The binding energies were determined with
an accuracy of ±0.1 eV utilizing the C1s line at 285.0 eV (from an adventitious
carbon) as a reference. SEM JSM-5510 of JEOL was used for morphology observations of the samples.
2.3 Catalytic test
Room temperature ozone decomposition experiments were investigated via
an isothermal plug flow reactor under steady-state conditions without temperature
gradients. The catalyst Cu/CL (m=0.5318 g, /circa 1 cm3/) particles size (5–6 mm)
was chosen taking into account the reactor diameter (6 mm) and the volume rate
of O3 was 6 L/h. Ozone was synthesized in a flow of oxygen (99.7 %), dried with
silica gel, using an ozone generator (with a silent discharge of 15–20 kV between
the electrodes). The inlet concentration of ozone in the flow of oxygen was ca
24000 ppm. Ozone concentration was analyzed with an ozone analyzer BMT 964
(Germany) with an accuracy of ±3 ppm. The reaction temperature was ambient
(20 °C) and was maintained with an accuracy of ±0.2 °C. The activity of the
catalysts was measured every 5 min and was calculated on the basis of equation
(where C refers to concentration):

⎡ C − Coutlet ⎤
Conversion[%] = 100x ⎢ inlet
⎥
Cinlet
⎣
⎦
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3. RESULTS AND DISCUSSION

3.1. Samples analysis
3.1.1. DC arc AES method: The characteristic atomic lines are presented
in Table 1.
Table 1. Characteristic emission lines, determined by DC arc-AES
Sample

Characteristic lines at [pm]

Correspond to:

Cu/CL

324.754 & 327.396

Cu

CL and Cu/CL

308.215 & 309.271

Al

CL and Cu/CL

288.157

Si

Mg and Pb in Clinoptilolite were determined by DC arc AES method – and
correspond to the 17% impurities specified and declared by the producer. This
analysis is not enough to show where and how the Cu was distributed over zeolite
or into zeolite channels. In this case one was made further XRD to investigate the
zeolite structure and eventually Cu distributed crystalites over it coated surface.
3.1.2. XRD analysis also shows that the natural form of Bulgarian clinoptilolite contains the impurity of cristobalite, quartz, albite and microcline less then
17%. The samples contained over 5 wt % copper on the surface and XRD can
detect Cu phases. So it can be observed some Cu, CuO Cu2O crystallites over the
surface via XRD (Figure 1a.).
Cu2O
CuO CuO
Cu CuO

10

20

30

40

Figure 1a. XRD patterns of Cu/CL and XRD from
reference (CL from refer.) generated on http://www.
iza-structure.org/databases/

50

2θ

HEU
http://www.iza-structure.org/

CL

Figure 1b. XRD patterns of Cu2+CL, CL and XRD from reference
(CL from refer.) generated on http:// 10
www.iza-structure.org/databases
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Cu2+-CL
20

30
2θ

40

50

XRD analysis (Figure 1b) shows
the iso-structures of investigated samples
O
and reference to the zeolite atlas guide.
Si
AlThe absence of other signals proved that
O Cu2+
O
the transitional metals were loaded as TAlSi
Si
Si
ions into zeolite channels. (Scheme 1.)
O
O
O
O
3.1.3. XPS. The chemical composiO
tion of the CL and Cu/CL were investiSi
gated on the basis of areas and binding
energies of C1s, O1s, Si 2s, Si 2p, Al
O
2+
2s Al 2p and Cu2p photoelectron peaks
Scheme 1. A model of Cu ion exchenged
(after linear subtraction of the backaluminum-silicate
ground) and Scofield’s photoionisation
cross-sections. Aluminium and silicon measurements were made using the integrated line intensities of the Al(2s) and Si(2p) photoelectron lines (Figure 2 a)).
O

a)

O 1s

Si 2p
Al 2s

Al 2p

0

50

Si 2s

100

150

500

550

600

Binding Energy (eV)

Figure 2a. XPS spectrum of CL

The surface atomic concentrations of O, Al, Si, Cu, Na, Ka and Ca estimated
from these data, along with the binding energy values of different photoelectron
lines are shown in Table 2.
Table 2. Chemical analysis of samples according XPS
O [at.%]

Si [at.%]

Al [at.%]

Na [at.%]

K [at.%]

Ca [at.%]

CL

60.5

31.6

4.2

Cu/CL

40.8

36.0

3.8

Cu [at.%]

<0.5

1.9

1.5

-

<0.5

<0.5

1.1

17.8
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Cu 2p

b)

900

920

940

960

Binding Energy (eV)

980

1000

Figure 2b. XPS spectrum of Cu/CL

Figure 3. SEM of Cu/P

On Figure 2 b) is clearly visible that the Cu exists in form of oxide CuO. It
can be seen that Cu concentration on the zeolite surface is the several times higher
then that inside the channels. In order to clear this result from the XPS analysis
scanning electron microscopy has been used.
3.1.4. On SEM image (Figure 3.) one can see the agglomeration of many
particles over the porous zeolitic surface:
Probably, they can be better catalytic centres then Cu2+ loaded as T- ions on
Brønstedt’ acidic Al sites. In this case we have chosen spray pyrolysis method for
coating a higher zeo surface with metal particles.
3.2. Catalytic test obtained by different methods.
In a catalytic test (Fig. 4) the natural form (CL) was practically inactive (less
than 5% conversion). In the beginning it was started at 3% and decreased during
the time prolongation to 2–3%. As one can see, the clinoptilolite is not good catalyst for ozone decomposition at room temperature in spite of its porous structures.
Some molecules of O3 adsorbed on it channels and decompose but the main gas290

100
O3 conversion [%]

90

- Cu/CL
- Cu2+-CL
- CL

80
15
10
5
0

0 10 20 30 40 50 60 70 80 90 100110
Time [min]

Figure 4. Ozone
conversion at room
temperature (20 oC)
over the samples

flow contains decomposed ozone. Cu2+-CL shows about 10% conversions (ca.
15% at the reaction start) but deactivation of the samples was observed. The possible reason is the nature of the metal: Cu can be found in the Cu(I) and Cu(II)
form. This means that during the reaction it can change itself coordination and we
expected more high activity among this kind of sample. Cu2+-CL samples did not
meet to our expectations. However, these samples can be optimized as catalysts.
In this case the spray pyrolysis method was chosen – to load active centers of Cu
not only as T-ions but also as Cu, CuO and Cu2O aggregates over the surface on
zeolite. Thus, not such is the situation, when the Cu/CL sample was used. At 1st
5 to 10 minutes the conversion was very low ca 2.5% and after that increased to
76% (at 15th minute) May be here, the possible reason for lower initial conversion
was the time needs for coordination of O3 over Cu centers loaded on zeolite surface. The zeolite gives the same conversion as unloaded form. Then the conversion was going to 87% (25th minutes) and stay stable during the time prolongation.
This means that Cu was changed its coordination state and decomposed ozone to
oxygen (1st step of process) and then the O2 molecules leave the system and new
molecules O3 coordinate with Cu centers (Scheme 2).
So, the conversion was higher as the previously founded by Cu2+ - CL when
Cu was ion exchanged and stays stable somewhere against Brønsted Al centre in
zeolite channels (Scheme 1).
4. CONCLUSION

Zeolite loaded with copper particles on its surface was prepared using spray
pyrolysis method. The existence of Cu, loaded on the clinoptilolite from Beli Plast
was proved by D.C. arc – AES and XPS methods. XR Diffractograms show that
the HEU structure is not broken in the process of Cu loading.
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Scheme 2. A possible mechanism for ozone decomposition over Cu/CL

SEM photographs reveal that Cu particles were coated on the zeo surface as
agglomerations.
So, obtained samples used further as catalyst in ozone decomposition reaction with very good activities 88–90 % conversion. We consider that the spray
pyrolysis is very fast and flexible method to obtain catalysts with higher activity
than tested before Cu(II) ion exchanged zeolite form.
Acknowledgements. The authors are grateful to UNION project (No DO-02-82/2008), NATO
Project (CBP.EAP.RIG.981670) and FNI No DVU-02/36 (DVU_10_0334)
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PHOTOCATALYTIC DEGRADATION OF METHYLENE BLUE BY
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Абстракт: За да се изучи влиянието на примесите от никел на фотокаталитичните свойства на цинковия оксид върху подложки от стъкло, използвйки метода на
потапянето, бяха приготвени наноструктурирани слоеве Ni-ZnO с четири различи
брои потапяния при добавяне на 1mol.% от NiNO3·6H2O по отношение на ZnO. Така
получените слоеве бяха охарактеризирани с помощта на сканираща електронна микроскопия и рентгеновска дифрактометрия. Фотокаталитичните свойства на получените слоеве бяха изучени в зависимост от интензитета на падащата ултравиолетова светлина. Получените резултати от фотокаталитичните тестове са сравнени
с тези на чист ZnO и на публикуваните вече данни за слоеве от TiO2 с примеси от
Ni. Показано е че примесите от Ni понижават фотокаталитичната активност както
на слоевете от ZnO, така и на TiO2. При експерименталните условия на представеното изследване чистият ZnO показва по-висока фотокаталитична активност от
ZnO и TiO2 с примеси от Ni както и от слоеве на филми от чист TiO2. Резултатите от
представеното изследване показват, че скоростните константи на процеса на фотокатализа са пропорционални на интензитета на падащата светлина, въпреки че няма
поддаваща се на измерване зависимост, свързана с порядъка на реакцията, която да
бъде получена от дадения експеримент.
Abstract: For studying the effect of doping with nickel on photocatalytical properties
of zinc oxide, four nanofilm samples Ni-ZnO having different loading with 1 at.% of
NiNO3·6H2O added with respect to ZnO. They were deposited on the glass slide substrates
have been prepared by the dip coating technique. Films were characterized by means of
SEM and XRD. The samples were photocatalytically tested at different incident UV
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light intensity. Obtained data was compared with the performance of pure ZnO films as
well as with the previous data from pure and Ni-doped TiO2 films. It was shown that Nidoping decreases the photocatalytic activity of the both of ZnO and TiO2. At the presented
experimental conditions the pure ZnO film showed the highest activity than the both of Ni
doped ZnO and TiO2 as well as than pure TiO2 films. Also was observed that the intensity of
the incident light is proportional to the rate constant of the process, although the measurable
relation, such as reaction order, could not be concluded from the experiments.
Keywords: ZnO, thin films, nickel doping, TiO2, photocatalysis, Methylene Blue

INTRODUCTION

Using semiconductors such as TiO2 and ZnO for photocatalytic degradation
of organic pollutants in water and air, has attracted extensive attention in the past
two decades [1–20]. Previous studies have proved that under ultraviolet (UV)
light irradiation such semiconductors are able to degrade most kinds of persistent organic pollutants such as detergents, dyes, pesticides and volatile organic
compound. A photocatalytic process is based on the generation under irradiation
of electron–hole pairs into the band-gap of the oxide that can give rise to redox
reactions with the species adsorbed on the surface of the photocatalysts. It is well
known that the doping the semiconductor oxides with various transition metal
ions may lead to an enhanced efficiency of the photocatalytic systems [2].
One of these semiconductors oxides is zinc oxide. Its stable structure is hexagonal, and the bulk, thin film and powder growth techniques greatly affect its chemical
and physical properties [21,22]. Its piezoelectricity is another property that has various applications in the industry such as acousto-optic modulator, force sensing and
acoustic wave resonator. Its crystal structure gives rise to piezoelectricity because
the oxygen and zinc atoms are bound on a tetrahedral shape, which moves the center
of positive and negative charges with an external pressure on the lattice constants
of its crystal structure, which produces a localized dipole momentum in the crystal
[23т29]. Due to point intrinsic defects such as oxyge n vacancies or zinc interstitials, undoped ZnO is an semiconductor of n-type [30)]. In the wavelength between
400 and 800 nm, ZnO crystal is transparent, which changes with increase of the
concentration of the various doping atoms. It is mention at ref. [31] that gas sensors,
based on ZnO layers are more suitable for detection of CH3 radicals than many other
semiconductors oxides such as TiO2, CdO, WO3 and MoO2.
For Ni doping into ZnO thin films very much attention has been paid in order
to understand the magnetic properties of diluted magnetic semiconductors [32–34].
For Ni doping ferromagnetic ordering in ZnO is predicted to occur without the need
of additional charge carriers. It was found out that the ferromagnetism becomes
weaker for Ni-doped ZnO with increasing the hole concentration, coming from Nidoping, which play a role of acceptor impurity into ZnO. It was also found that the
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ferromagnetic state was stable ground state for Ni-doped ZnO [33]. To investigate
the magneto-optical properties, Ando et al. [34] measured the magnetic circular dichroism (MCD) spectra of ZnO films alloyed with Ni by using pulsed-laser deposition. MCD detects the relative difference of the circular polarization-dependent
optical absorption under an applied magnetic field. The films alloyed with Ni had
pronounced negative MCD peaks near the band edge of the host ZnO. However,
despite of the fact that for such a classical photocatalysis as TiO2 there are many papers dealing with application of Ni-doped TiO2 for degradation of hazardous organic
compounds, production of hydrogen or oxygen gas [1−7], to the best of our knowledge the photocatalytic activity of Ni-doped ZnO powder was presented only by
authors of ref. [8]. There was presented that doping of ZnO with Ni may reduce its
photoactivity. How was stated above, Ni play a role of acceptor impurity into ZnO.
By this way, how it is observed experimentally and interpreted theoretically previously by our team, adding the acceptor admixture to the n-type oxide photocatalysis
will decrease the photocatalytic activity for the samples [9].
The photocatalysis with ZnO represents a perspective research field, because
ZnO can be as efficient as TiO2 in the photocatalytic degradation of some dyes
in aqueous solution [10,11]. Therefore, according to some authors ZnO has been
found to be a better photocatalyst than TiO2 [12]. ZnO thin films decompose reactive dyes in their aqueous solutions [13], chlorophenol [14], methyl-blue [15],
malachite green [16] and other organic environmental pollutants [17−20]. The advantages of using powder catalyst are increased reaction rate due to the increased
surface area and simplicity of application. The use of conventional powder catalyst has also disadvantages in stirring during the photocatalytic reaction and in
separation of powder after the reaction. The preparation of film catalyst makes it
possible to overcome these disadvantages and extend the industrial applications
[35]. Furthermore, ZnO is of special interest, because of the possibilities for modification and control of various ZnO-based nanostructures [36–38].
In this paper we investigate the photocatalytic activity of commercial ZnO
powder in the form of thin films. The films are deposited on glass substrates by
dip coating. The ZnO material is further modified by mixing it with nickel nitrate,
NiNO3.6H2O. The decolorization kinetics of methylene blue dye in water is studied
as a model system. The kinetics of photocatalysis is systematically investigated in
novel photocatalytic reactor under UV-light illumination at two different variable
system parameters, the thickness of ZnO films and incident UV light intensity.
EXPERIMENTAL PROCEDURES

Materials and reagents. The following chemicals were used: zinc oxide
powder (>99.0%) from Fluka; polyethyleneglycol (PEG 4000) from the Institute
of Pure Compounds (University of Sofia, Bulgaria); Methylene Blue (MB) and
absolute ethanol (100%), both from Fluka. Glass slides (ca. 76x26 mm) for sub295

strates of ZnO films were from ISO-LAB (Germany). Distilled water was used in
all experiments. All other chemicals and reagents were of analytical grade.
Preparation of ZnO and ZnO/Ni films. The films were deposited from alcoholic suspension of the commercial zinc oxide powder [39]. For this purpose
polyethyleneglycol (PEG-4000; 7.0 g) was dissolved in absolute ethanol (50 ml)
upon stirring and heating at 70 °C for 30 min. Non-annealed pure ZnO powder
7.0 g in weight was dispersed in 60 ml of ethanol and the resulting dispersion was
mixed together with the clear solution of PEG-4000. The obtained suspension was
stirred for 10 min and sonicated at frequency 15 kHz for additional 30 min.
For the films doped with Ni(II) at 1 mol.% NiNO3.6H2O was added in respect
of ZnO. Pure ZnO powder or ZnO/Ni mixture was dispersed in 60 ml of ethanol
and the resulting dispersion was mixed with the solution of PEG-4000. The obtained suspension was stirred for 10 min and sonicated at 15 kHz for additional 30
min. The suspensions can be stored at room temperature in the long term and used
for multiple dip-coating procedures after homogenization.
To prepare the film, a glass substrate it was dipped the suspension and withdrawn at a rate of 0.9 cm/min at room temperature. The films with 1, 3, 5 and 7
number of coatings were produced. The films were dried at 80 °C for 30 min after
each coating. The dried films were annealed at 500 °C for 60 min in order to fire
any organics and to get ZnO films suitable for photocatalytic tests.
Characterization of ZnO films. Scanning electron microscopy (SEM) and
X-ray powder diffraction (XRD) were used to characterize all powder materials,
as well as the obtained films. The SEM images were obtained by a Scanning Electron Microscope JSM-5510 (JEOL) operated at 10 kV of acceleration voltage. The
investigated samples were coated with a thin film of gold by a fine coater JFC1200 (JEOL) before observation. X-Ray diffraction (XRD) spectra were recorded
at room temperature on a powder diffractometer Siemens D500 with CuKα radiation within 2θ range 10-80 deg and step 0.05 deg 2θ and counting time 2 s/step.
Photocatalytic tests. The photocatalytic activities upon UV light illumination
of pure ZnO and ZnO/Ni films were investigated by the photoinitiated decolorization of methylene blue (MB) dye in aqueous solution. The photocatalytic tests
were conducted inside the novel reactor described in our previous paper [7]. The
experimental conditions were the following: the reaction volume of 100 ml with
1 ppm solution of the model dye pollutant; stirring rate of 300 rpm; irradiation by
4W UVA tube at different levels in respect to the reactor to achieve the intensity
of 3.145, 1.178, 0.733 and 0.568 mW/cm2, which were measured by a radiometer.
Reaction time was 60 minutes with the first 30 in the dark to reach adsorption/desorption equilibrium and to estimate the rate constants the latter 30 with UV light
on was done. Measurements of the remaining dye concentration during the reactions were done at intervals of each 5 minutes by measuring at wavelength of 670
nm done by using the integrated colorimetric system of the reactor.
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RESULTS AND DISCUSSIONS

Structure characterization. The
SEM reveals that the surface of ZnO and
ZnO/Ni films has a homogenous morphology (Fig. 1a,c). The higher magnification
shows the fine granular nanostructure of
the film surface. The cross-section view of
the film shows that the films interior also
consists of fine granules (Fig. 1b,d). No
significant difference in the morphology
of films, prepared with different number
of coatings, can be observed. However,
the films obtained of ZnO having a thickness of 10 μm which is much bigger than
those obtained of ZnO/Ni which thickness
is in the range of 2.5–3 μm.
From the XRD analysis of pure and
doped ZnO films (Figs. 2a,b) were estimated that the average sizes of crystallites
are about 80.8 nm for pure ZnO and 75.5
nm for doped with Ni ZnO films. The Xray diffraction studies reveal that all films
obtained are polycrystalline without a preferred orientation and the spectral peaks
at 2θ =31.9, 34.6 and 36.4 deg having
Miller’s index of (100), (002) and (101)
respectively, correspond to hexagonal
wurtzite structure. The mean crystallite
size was estimated by the Scherer’s formula. We suppose that heating for 1 hour
at 500 °C leads to the decomposition of
Zn(II) hydroxide and further crystallization of hexagonal ZnO in the film as seen
from the diffraction patterns.
The comparison of catalyst loading
on the slides versus the number of coating
cycles applied is shown at Figure 3. It can

a

b

c

Fig. 1. SEM images of the: 1) surface of
nanostructured ZnO films (a) undoped; (c)
doped with Ni2+; 2) cross-section of ZnO films
(b) pure ZnO; (d) with Ni2+.

d
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Fig. 2. XRD spectra of ZnO films annealed at 500 °C
for 1 hour (a) pure ZnO, (b) ZnO/Ni. The crystallite
sizes are about 80.81 nm and 75.5 nm in both cases.

Fig. 3. Dependence of the catalyst loading and
number coating of ZnO and ZnO/Ni films.
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be noticed that the addition of Ni2+
affects catalyst loading by reducing the amount of ZnO deposited.
Possible explanation for this can be
found by looking at the point-ofzero-charge (pzc) ot ZnO which is
about pH 9. Nickel ions are weak
Lewis acid and lower the pH of
the suspension leading to repulsion
forces between the ZnO nanoparticles and less material being deposited onto the glass slides.
Effect of Ni-doping. Light absorption characteristics of both ZnO
and ZnO/Ni films was measured
with UV–Vis diffuse reflectance
spectrophotometer (Fig. 4). It is observed that the absorption of light
by ZnO/Ni in the visible region is
more compared to pure ZnO.
Nickel doping also affects the
photocatalytical properties of the
prepared films. Figure 5 shows
a comparison between ZnO and
ZnO/Ni films. The shown kinetic
curves are measured at different
UV light intensities. It can be noticed that the addition of Nickel
worsens the photocatalytical performance of the prepared films.
Effect of light intensity. The
influence of light intensity has
been examined by varying the
height of the UV tube in respect of
the coating as 8.5, 13.5, 18.5 and
23.5 cm. The achieved intensities
were the 3.145, 1.178, 0.733 and
0.568 mW/cm2, measured with
a radiometer (Easton). On Figs.
6 and 7 are shown the linear fits
for the degradation of Methylene

blue at different light intensities
and the rate constants, as bars.
As can be expected the rate
constant increases with the increase of light intensity - the reason is that in photocatalysis light
is actually a reagent, which is
being consumed during the process. Increasing the quantity of
this reagent increases the rate of
the reaction. The increase is with
a non-linear manner, which indicates that the process of photo- Fig. 4. Comparison of the absorbance spectra of ZnO
thin films (undoped and doped) used in the decoloroxidation is surface-controlled.
ization
of dye methylene blue.
The numeric values of the
rate constants, related to catalyst
loading and light intensity are presented in Tables 1(a) and (b) respectively for

Fig. 5. Decolorization kinetics of MB aqueous solutions and comparison of ZnO and ZnO/Ni
films under UV light illumination with seven coatings at different intensity: (a) 3.145 mW; (b)
1.178 mW; (c) 0.733 mW and (d) 0.568 mW.
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ZnO and ZnO/Ni, as well as the results of the non-linear fits for the reaction order
by light intensity. It was done using the following equation:
k’ = k.In
where k’ is the observed reaction rate, I is the incident light intensity, k is the normalization factor and n is the power of the light intensity, hence the reaction order.
As can be concluded from Fig. 6 and Fig. 7 the reaction rate increases with
light intensity. However it must be noted that for constant intensities the reaction

Fig. 6. Bleaching kinetics of MB aqueous solutions by ZnO films under UV-light illumination
at different intensity with: (a) one; (b) three; (c) five and (d) seven coatings. The rate constants
are inserted as bars.

rate decreases with the increase of catalyst loading. A possible explanation for that
is that the excess of deposited photocatalytic material can not be activated in depth
by the incident light thus serving for an electron-hole recombination area which
is leading to energy-loss.
Comparison with TiO2 film activity. There are not many studies which have
been attempted to compare the efficiency of two or more catalysts for a given organic compound under identical experimental conditions. This is why we decided
to compare the activity of ZnO and ZnO/Ni from current work with our previous
results for TiO2 (Degussa P25) and TiO2/Ni [7]. As is reported also by other authors
[1], adding of Ni to TiO2 powder, worsening its photocatalytic activity. The results,
shown on Figure 8, clearly indicate that unmodified ZnO film is found to be the
most active. The order of photocatalytic activity of the investigated photocatalysts
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Fig. 7. Bleaching kinetics of MB aqueous solutions by ZnO/Ni films under UV-light illumination
at different intensity with: (a) one; (b) three; (c) five and (d) seven coatings.

for Methylene blue is ZnO>TiO2
>TiO2/Ni>ZnO/Ni. The reason for
greater activity of ZnO in comparison with TiO2 is due to the absorption of more light quanta. Since the
band gap of previous ZnO is 3.17
eV, the quantum efficiency of ZnO
films is significantly larger than
TiO2 films and hence higher efficiencies have been reported for
ZnO. For explanation of quenching of the photocatalytic activity of
Ti2O/Ni, mentioned also in [1] the
electronic structures of Ni-doped Fig. 8. Comparison of photocatalytic activity by
undoped and doped TiO , ZnO films with seven
TiO2, presented in [40] should be coatings at 3.145 mW 2intensity under UV-light
considered. How is stated there, as illumination.
well as in [41] for pure TiO2 the upper valence bands showed a strong hybridization between O 2p and Ti 3d orbitals.
The top of the valence bands was dominated by the O 2p orbitals, while the conduction bands, especially the bottom, contained significant contributions from the Ti 3d
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Table 1. Rate constants at different light intensity of:
(a) undoped ZnO thin films
Rate constants
Number
of
coatings
One
Three
Five
Seven

3.145 mW/

1.178 mW/

cm2

cm2

0.0136
0.0131
0.0130
0.0120

0.0129
0.0117
0.0118
0.0111

0.733 mW/cm2
0.0082
0.0095
0.0113
0.0105

0.568 mW/

k, x 10-3

n

0.0079
0.0065
0.0100
0.0092

17.6355
17.0456
14.1162
16.0873

0.3725
0.3792
0.1464
0.2648

cm2

(b) doped ZnO thin films with Ni2+
Rate constants
Number
of
coatings
One
Three
Five
Seven

3.145 mW/
cm2

1.178 mW/
cm2

0.733 mW/cm2

0.568 mW/
cm2

k, x 10-3

n

0.0115
0.0066
0.0070
0.0078

0.0092
0.0060
0.0063
0.0071

0.0091
0.0051
0.0060
0.0062

0.0084
0.0047
0.0044
0.0053

12.4412
7.8474
8.3555
9.6395

0.1934
0.2301
0.2476
0.2467

orbitals. After Ni doping, two dopant bands which appeared in the band gap of TiO2.
These bands were unoccupied, so they would be acceptor levels upon visible light
excitation, because they are located in the middle of the band gap. By this way, how
it is observed experimentally and interpreted theoretically previously by our team,
adding the acceptor admixture to the n-type oxide photocatalysis will decrease the
photocatalytic activity for the samples [9].
CONCLUSIONS

Pure and Ni-doped ZnO nanofilms on glass substrates are successfully prepared from ZnO powder solution by using dip-coating technique. The films are
characterized by scanning electron microscopy and X-ray diffraction. The films
comprise ZnO crystallites with a hexagonal crystal structure. The kinetics of photocatalytic reaction is systematically studied under varied UV-light illumination at
two different variable system parameters, the thickness of ZnO films and incident
UV light intensity. The photo-initiated bleaching of methylene blue in aqueous
solutions is studied by the obtained ZnO films as a model system.
The ZnO films, prepared from suspension with 7 coatings show best activity
and highest photocatalytic performance than those prepared with 5, 3 and 1 coatings. The reason probably is related to the increasing the degree of crystallization
of the film with increasing number of coatings. Different kinds of defects could
302

work as recombination centers and by this way decreasing the photocatalytic performance [42]. In general, we can conclude that the obtained results are promising
for the development of ZnO photocatalysts by the sol-gel method, by which produced layers that have smoothness, continuity and a homogeneous composition
and ensuring formation of functional nanostructures at the molecular level [43].
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